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Abstract
Seismic events are a major factor to consider in structural design of buildings in many
countries. With the purpose of saving lives, most of the design codes lead to structural
solutions that withstand large seismic actions without collapsing, but without taking into
account a possible usage of the structures after the earthquake. As a result, it is necessary
to consider the time needed to repair/retrofit the damaged structures (i.e. the downtime)
since this period of inactivity may result in huge financial implications for the occupants of
the buildings. In order to minimise the damages and simplify repair operations, structural
solutions with rocking systems and negligible residual displacements have been developed
during the last two decades.
Systems with precast concrete rocking walls were studied with the aim of investigat-
ing suitable and convenient structural alternatives to minimise the damage in case of an
earthquake. Experimental, numerical and analytical analyses on post-tensioned solutions,
with and without energy dissipation devices, were carried out in this research.
The energy dissipation devices were made from steel angles that were further developed
during the research. Different solutions for these devices were experimentally tested under
cyclic loading and the results are presented. Numerical and analytical work on steel angles
was also carried out.
Regarding the concrete rocking wall systems, two concrete rocking wall systems were
studied: post-tensioned walls and post-tensioned walls with energy dissipation devices.
In the latter, the solution was to fix them externally to the wall, allowing their easy
replacement after an earthquake. It is shown that the dissipaters are a viable solution for
use in precast concrete rocking wall systems.
A building case study is presented. The comparison between a traditional monolithic
system and a hybrid solution was carried out, allowing the evaluation of the efficiency of
the solution that was developed.
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Resumo
Os fenómenos de carácter sísmico são significativos em muitos países, e um factor impor-
tante a considerar no dimensionamento estrutural de edifícios. A maior parte das normas
de dimensionamento preconizam soluções que permitem que a estrutura resista à acção
sísmica sem colapsar, com a finalidade de salvar vidas. Todavia, a possível utilização da
estrutura após o sismo não é, na maioria das vezes, considerada. O tempo necessário
para reparação/reforço dos elementos estruturais danificados poderá corresponder a cus-
tos financeiros elevados, por interrupção no funcionamento e utilização do edifício. Para
minimizar os danos e reduzir as acções de reparação, soluções estruturais com sistemas de
rocking e deslocamentos residuais desprezáveis têm vindo a ser estudadas e desenvolvidas
ao longo das últimas duas décadas.
Com o objectivo de investigar alternativas estruturais adequadas à minimização de
danos em caso de sismo, neste trabalho foram estudados sistemas de paredes pré-fabricadas
de betão com comportamento de rocking. Foram desenvolvidas análises de carácter ex-
perimental, numérico e analítico de soluções pós-tensionadas, sem e com dissipadores de
energia.
Os dissipadores de energia eleitos para o presente estudo foram cantoneiras de aço. Ao
longo do desenvolvimento dos trabalhos, foram utilizadas e testadas experimentalmente
várias soluções sujeitas a carregamento cíclico, apresentando-se os resultados obtidos. Foi
também desenvolvido trabalho analítico e numérico para estes elementos.
No que concerne às paredes com comportamento de rocking foram estudados dois tipos
de sistema pós-tensionado: paredes sem e com dissipadores de energia. Neste último, as
cantoneiras são fixadas externamente à parede, privilegiando-se a facilidade de substituição
após o sismo em caso de necessidade. É demonstrado que os dissipadores de energia
se constituem como uma solução viável para utilização em paredes pré-fabricadas com
comportamento de rocking.
Ainda no contexto do presente traballho, são apresentados os resultados do caso de
estudo de um edifício. A avaliação da eficiência da solução desenvolvida foi realizada por
comparação da solução híbrida com um sistema monolítico tradicional.
v
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Chapter 1
Introduction
1.1 Background and motivation
Earthquakes are events that can lead to chaotic situations. The conception and design
of structures to resist a major earthquake is mostly done to avoid collapse and save lives
without taking into account the structural damage and a possible usage after the earth-
quake. The main exceptions to this design philosophy are important structures, such as
hospitals or important bridges. This approach has been changing, as the costs associated
with the period of inactivity may result in huge financial implications for the occupants of
the buildings. As a result, structural systems with reduced level of damage and negligible
residual displacements (recentring) have been developed. Within these types of systems
are the precast concrete dry connections with controlled rocking, which started to be stud-
ied in a research cooperation between the United States of America (USA) and Japan,
the PREcast Seismic Structural Systems (PRESSS) research program (Priestley et al.,
1999), in the 1990s. Since then, many studies have been carried out, essentially in the
USA (e.g., Kurama (1997), Perez (2004), Smith (2012), Belleri et al. (2014), Christopou-
los et al. (2002b), Christopoulos et al. (2002a), Rojas et al. (2005), Lin et al. (2013),
Ricles et al. (2001), Ricles et al. (2002), Garlock et al. (2005), Garlock et al. (2007), Ku-
rama et al. (2006), Weldon and Kurama (2010) and Shen (2006)) and New Zealand (e.g.,
Holden et al. (2003), Restrepo and Rahman (2007), Marriott (2009), Palermo et al. (2005),
Palermo et al. (2006b), Palermo et al. (2006a), Iqbal et al. (2007), Smith et al. (2007),
Iqbal et al. (2008), Iqbal et al. (2010) and Smith et al. (2014)).
A connection with controlled rocking concentrates the nonlinear response in the joint
between the elements of the structure. The rocking means that the joints are designed
to open and close between the two elements. To be able to recentre, these connections
are built with unbonded post-tensioned tendons which should remain elastic and ensure
that the gap closes. If the connection is made using only post-tensioning to connect the
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elements, a nonlinear elastic response is expected. To achieve a structural response includ-
ing damping, energy dissipaters can be added to the system, resulting in a hybrid system
(Stanton et al. (1997), fib (2003)). When a structure is constructed using these systems,
instead of the multiple plastic hinges, there will be multiple gap openings controlled by
the post-tensioning. This leads to structures with controlled damage and reduced repair
costs.
In the final phase of the PRESSS program, a 60% scale building with five floors was
tested using frame and wall systems developed in the program. Both systems provided
excellent performance. Since then, the PRESSS technology has been used in several build-
ings world-wide. In California, an apartment building with 39 floors, the Paramount, used
precast hybrid frames (Englekirk, 2002). In New Zealand, two more examples can be
mentioned, a teaching and research building of the Victoria University in Wellington (Cat-
tanach and Pampanin (2008) and NZCS (2010)) and a medical building in Christchurch
(NZCS, 2010). Other on site applications can be found in Italy and in the Dominican
Republic (Marriott, 2009). There are also some design provisions that take into account
these systems in the USA (ACI-T1.2-03, 2003) and New Zealand (NZS3101, 2006).
The initial hybrid systems consist of dry joints with unbonded post-tensioned ten-
dons and steel reinforcing bars (energy dissipaters) with an unbonded length. The post-
tensioned tendons were designed to remain elastic, but the steel reinforcing bars were
designed to go beyond the yield stress and dissipate energy. As a result, the steel reinforc-
ing bars should be replaced after an earthquake. This operation is very difficult if the bars
are placed inside the concrete structure. To overcome this problem, replaceable external
dissipater solutions have been studied (Marriott (2009), [Kurama et al. (2006), Weldon
and Kurama (2010) and Smith et al. (2014)).
1.2 Objectives
The objective of this dissertation is to develop replaceable external energy dissipaters and
apply them to precast concrete rocking walls. For this study, experimental and numerical
tests were carried out.
Energy dissipater devices made from steel angles were studied. The requirement is to
sustain cyclic actions with stable hysteretic behaviour. The strength and ductility of the
devices are also important if they are to be used in precast concrete walls. For this reason,
an estimation of the maximum displacement and the required force is made to design the
steel angles properly. An important requirement of these devices is that they should be
easily replaceable, which means that the connections have to be designed taking this into
account.
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In this dissertation precast rocking walls with and without energy dissipaters were
experimentally and numerically analysed. In both solutions low damage and negligible
residual displacements were expected. In the hybrid system the damage was expected to
be confined to the energy dissipater devices. The post-tensioning shall be in elastic range
within the design drift to maintain its recentring capacity.
A design example using the developed hybrid structural solution is presented. This
design uses the displacement-based design method to estimate the seismic displacements
and forces acting in the structure. The objective was to evaluate the efficiency of the
system under development using a comparison with a traditional monolithic system. It
is also important to discuss the design method, as the design of these systems depend on
the estimation of the displacements.
1.3 Dissertation organisation
The dissertation is composed of the following six chapters, including the present one:
Chapter 2 presents a general view of the present state of the art of the dissertation
subject. The solutions developed during the PRESSS research program on wall and frame
structures and the evolution since then are the main focus of the chapter. In this program
several rocking systems were developed and tested and a large 5 storey structure tested
to validate the research. After this large program, the chapter focus on the research done
essentially in the United States of America and New Zealand, places where this subject
has mostly been studied. A brief summary on rocking motion and the related damping
is also shown. A main subject of this chapter is the state of the art on steel angles used
for connections, especially when used as dissipation devices. Finally, an integration of the
studied systems with the demand performance of the structures and the seismic actions
is made.
Chapter 3 focus on the experimental, numerical and analytical work done to develop
and design the energy dissipaters made from steel angle. Special importance was given
to a good cyclic behaviour of the energy dissipaters with the aim of applying them to
hybrid rocking walls. Five experimental specimens are presented, in which the first three
do not present the desired cyclic behaviour and the last two achieve the desired response.
A numerical study with finite elements is shown using 2D solid elements to model the steel
angles. The models presented here are calibrated using the experimental specimens and
then a parametric study is presented to extrapolate the results for specimens with other
dimensions. In the analytical work expressions to estimate the energy dissipaters force
as a function of the displacement are deduced for elastic and plastic ranges, taking into
account physical and geometrical nonlinearity.
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In Chapter 4 the precast concrete rocking wall solutions are shown. A total of six
wall specimens are presented. Three preliminary post-tensioned rocking walls, with the
purpose of evaluating the experimental difficulties and optimising the experimental setup,
are presented. The first two specimens have no energy dissipation devices while in the third
specimen, wedges made of resin and cork are included for that purpose. The fourth and
fifth specimens are post-tensioned walls with energy dissipation devices. The development
of these devices is shown in Chapter 3. The final specimen is a post-tensioned wall without
energy dissipaters. To complement the experimental work, numerical models are presented
and the results are compared with the experimental ones.
In Chapter 5 the developed system is applied to a case study. A 6 storey precast
concrete residential building with 21 x 14 m2 floor plan dimensions is used to exemplify
the use and design of structures with the solution being developed. A comparison between
a traditional monolithic system and a hybrid solution is made to evaluate the efficiency of
the solution that was developed. To calculate the seismic forces, direct displacement-based
design was used.
Chapter 6 presents the main conclusions of the dissertation, a synthesis of the design
proposals as well as suggestions for future researches on this dissertation scope.
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Literature review
2.1 PRESSS program
In the 1990s, from a research cooperation between the USA and Japan, a PREcast Seismic
Structural Systems (PRESSS) research program was developed. During this program
precast structural systems were developed and tested to enhance the behaviour of the
concrete precast structures in seismic zones. Design recommendations were part of the
scope of this program. This work had the contribution of over a dozen different research
teams across the United States of America (Nakaki et al., 1999), with the coordination
carried out by Professor Nigel Priestley, University of California at San Diego.
When the PRESSS program started, the solutions for reinforced concrete precast struc-
tures were mainly though to emulate the cast in place reinforced concrete, which is still the
main option in most places nowadays. That design option guaranties a good behaviour of
the reinforced concrete precast structures in seismic zones but discards some advantages
that can be found in precast structures. When an emulative solution is the alternative to a
cast in place reinforced concrete, the main advantages of the precast are the speed of con-
struction and a better quality control. For both design solutions, significative structural
damage is expected with formation of plastic hinges in critical regions. This damage can
imply a downtime with huge indirect costs. To mitigate this consequence one of the main
goals of the PRESSS program was to develop solutions with minimal residual damage and
that were easy to repair after an earthquake.
This project had three phases. According to Priestley (1996), Phase I consisted of
concept development, connection classification and modelling, analytical platform devel-
opment, preliminary design recommendations and research coordination, and was com-
pleted in 1993. Phase II consisted of experimental testing and analytical work of precast
connection systems and also the development of design procedures for precast buildings
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in seismic zones. Phase III was centred on using the systems developed in the former
two phases in two large scale tests, one using frame systems and another one using wall
systems. From this last phase, design recommendations were proposed.
In Phase II, four generic types of connection systems were considered with the follow-
ing designations: nonlinear elastic (NLE) connection systems; tension-compression yield
(TCY) connection systems; shear yield (SY) connection systems and coulomb friction
(CF) connection systems. The main goal of Phase II was to study the viability of these
systems (Priestley, 1996).
These systems have a rocking behaviour. This characteristic means that the joints
are made to open and close a gap (also referred to as a "crack") between two elements.
To explain this behaviour a rigid block oscillating between two corners can be imagined.
If the block is not rigid, it will not be supported only in the corner but there will be
an area under compression where the contact will be made between the two elements.
For example, in a beam-column joint (see Figure 2.1), if a precast column and a precast
beam are to be connected using only interior unbonded prestress, the build sequence can
be to put the beam in contact with the column and clamp one against the other using
post-tensioning. During a cyclic horizontal displacement action, this joint will open and
close for both sides, stretching the unbonded tendons inside each time the gap opens. The
post-tensioning force will ensure that the gap closes every time.
Column
Beam
Beam
Gap opening
Rotation point
Rotation pointUnbonded prestress
Figure 2.1: Beam-column joint rocking behaviour.
These rocking systems without any dissipation devices are the NLE systems and exhibit
reduced residual displacements after an earthquake and a nonlinear behaviour due to
rocking. These systems were developed with unbonded prestress that should remain elastic
during an earthquake. The opening of a gap will elongate the tendons, resulting in an
increase of tension in them. A high initial stiffness of the connection after an earthquake is
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expected. The opening and closing of the gap on the connection will result in a nonlinear
elastic behaviour. The expected equivalent viscous damping ξeq is between 5% and 10%
(see Figure 2.2b), slightly higher than the 2-5% expected for a linear elastic system (see
Figure 2.2a), which means that the advantages of recentring and high initial stiffness after
the earthquake have to be balanced against the reduced equivalent viscous damping.
The TCY systems have a similar response to the monolithic reinforced concrete con-
nections. These systems are designed to have steel yielding under tension and under
compression during the push and pull of the seismic action. The expected ξeq is between
25% and 35% (see Figure 2.2c). The advantage of these systems is the high energy dissi-
pation capacity, whilst the disadvantages are the expected residual displacements and the
loss of initial stiffness after an earthquake.
A way to overcome the weaknesses of these two systems is to combine both in a hybrid
system. The solution of simultaneously using both systems is to balance the strengths of
each one to have as much energy dissipation as possible with minor residual displacements.
The result expected for ξeq is between 10% and 25% (see Figure 2.2d). In a hybrid
system the NLE, with unbonded prestress and/or other axial loads, is responsible for the
reduced residual displacements and high initial stiffness after an earthquake. The TCY is
responsible for most of the energy dissipation and for most of the residual displacements
that the system may have after an earthquake. In this system the elements should act
as rigid bodies, concentrating the deformations at the joints. The hysteretic behaviour of
this system is called "flag-shape" because of the shape of the diagram. Hybrid connections
were tested at the National Institute of Standards and Technology (NIST) in one-third
scale specimens. Details of this work can be found in Stanton et al. (1997).
The SY systems are activated by shear and can be used, for example, with vertical
joints between panels of shear walls. The expected energy dissipation is similar to TCY
systems.
The CF systems are based on friction sliding and can be considered rigid-perfectly
plastic, corresponding to an expected ξeq of 64% (see Figure 2.2e). This systems can be
combined with linear elastic systems resulting in a ξeq of between 10% and 60% (see Figure
2.2f).
In Phase II several connections were developed according to the generic types already
referred to above. Experimental tests and analytical simulations were carried out. Most
of the work done in this phase will be summarised below.
Priestley and Tao (1993) developed a theoretical study of the seismic response for a
NLE beam-column joint system. Figure 2.3 shows the generic joint with partially un-
bonded tendons studied. To allow a relative rotation between the beam and the column
(opening of a gap) without yielding the tendons, the unbonded length needs to be large
7
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F
∆
(a) Linear elastic (LE)
ξeq ≈ 2-5%
F
∆
(b) Nonlinear elatic (NLE)
ξeq ≈ 5-10%
F
∆
(c) Tension/compression
yield (TCY) ξeq ≈ 25-35%
F
∆
(d) Hybrid (NLE + TCY)
ξeq ≈ 10-25%
F
∆
(e) Coulomb friction (CF)
ξeq ≈ 64%
F
∆
(f) Hybrid (LE + CF)
ξeq ≈ 10-60%
Figure 2.2: Hysteretic characteristics for generic PRESSS connection systems (adapted from
Priestley (1996)).
enough for the tendons to accommodate the elongation. As a result the prestress will not
be lost during the cycles and a constant shear strength due to friction is expected. Another
characteristic of the system is the simplicity of the design of the joint, since the horizontal
shear forces are transferred by a diagonal strut, as no force is transferred by bond action
(Figure 2.4). When a structure reaches large drifts, the rotation on the connection tends
to be large as well, leading to concentrated compressions in small areas at the bottom
and top of the beams, causing high strains that can degrade the concrete. As a result,
the bottom and top of the beam may need special confinement for the concrete. In this
numerical study, confinement spirals were considered as in Figure 2.5. Dynamic time his-
tory analyses with single degree of freedom models were carried out resulting in a minor
hysteretic energy dissipation and a peak displacement slightly higher than was expected
for an equivalent monolithic reinforced concrete system. This difference in displacements
was expected to be larger, as the unbonded prestress systems have no energy dissipation.
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To explain this fact, Priestley and MacRae (1996) pointed to the less efficient loops of
the reinforced concrete plastic hinges when compared with an ideal elasto-plastic system,
leading to a higher vibration period of the equivalent monolithic reinforced concrete struc-
ture. Having two structures with a similar vibration period, one with unbonded prestress
and other with an equivalent monolithic reinforced concrete system, the less efficient loops
of the reinforced concrete plastic hinges will force the vibration period to grow as well as
the displacements in this system.
unbonded length
prestress tendons
hb
hc
lb
lc
Figure 2.3: Beam-column joint with partially unbonded tendons (adapted from Priestley and
Tao (1993)).
Mcu
Mcl
Mbl
Mbr
Vcu
Vcl
Vbl
Vbr
C1
C2
Tb1Tb1
Tb2Tb2
Tc1
Tc2
Figure 2.4: Forces contributing to joint shears on beam-column joint with partially debonded
prestress (adapted from Priestley and MacRae (1996)).
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prestress tendon
spiral confinement
shear reinforcement
Figure 2.5: Spiral confinement on a beam near the column (adapted from Priestley and Tao
(1993)).
Beam-column joints were tested at the University of Minnesota and at the University
of Texas, Austin. The tests were made with half-scale specimens, four of them with TCY
systems, one with CF system and three with NLE systems. At the University of Minnesota
the specimens tested were two with NLE systems and two with TCY systems. The two
NLE tests were one using unbonded Dywidag bars crossing the joint and another one with
monostrands, the design and detailing was made according to Priestley and Tao (1993).
In the two TCY units, one had a gap connection system (Figure 2.6), whilst the other
had block-outs (to be cast in place) through the beams and embedded corrugated pipes
in the column for the reinforcement. At the University of Texas, Austin, the specimens
tested were one with NLE system, two with TCY systems and one with CF. In the NLE
specimen, the beam was precast in one piece with pretensioned strands, before being
connected to the column. The two TYC systems tested differed in that one had a gap
between the column and beam (Figure 2.7), whilst the other had an increased beam depth
to accommodate the high strength thread bars used to connect the beams to the column.
The CF system was a friction system where a brass plate was used between all the sliding
surfaces. All the NLE systems were designed to have no yielding of the prestress within the
design drift ratio, ensuring the recentring capability with small energy dissipation. This
was not achieved with the unit tested at University of Minnesota with monostrands that
had a strand failure for the design drift ratio. As expected, the CF was the system that
proved to be more capable of dissipating energy. The units that performed worst where
the unit with the beam depth variation tested at the University of Texas, Austin and the
gap unit tested at the University of Minnesota. These units did not performed well for
design drifts of 3.0%. The second had a bar failure at 2.0% and the first suffered crushing
of the concrete in the area of the beams with increased depth. In the gap connection
systems tested, the lower edge of the beam cross section acts as a pivot, whilst the gap in
the upper part of the beam opens and closes during a cyclic action. This system can be
used to protect a floor, if the pivot is located in the upper part of the beam. More details
of these tests can be found in Palmieri et al. (1996) and Priestley (1996).
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Figure 2.6: Gap joint from the University of Minnesota (extracted from Palmieri et al. (1996)).
Figure 2.7: Gap joint from the University of Texas at Austin (extracted from Palmieri et al.
(1996)).
Beam-column joints were also tested at the University of California at San Diego.
Precast joints were tested with unbonded prestressing tendons. The specimens were de-
signed for a precast building constructed with a seismic frame on the perimeter. These
11
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seismic frame had single bay precast beams, connected with unbonded post-tensioned ten-
dons for the full length of the building and multi-storey columns. Priestley and MacRae
(1996) report the tests on an interior and an exterior joint. In these tests little energy
was dissipated, as expected from a NLE system, and it showed very good shear behaviour
with reduced shear reinforcement compared with equivalent monolithic joints. Figure 2.8a
shows the minor degradation of the joint after a 2.8% drift ratio and in Figure 2.8b the
self centring capacity of the joint during the test. Another important conclusion was that
the stiffness decreased during the tests, but it still remained much higher than what would
have been expected for an equivalent monolithic reinforced concrete system (Priestley and
MacRae, 1996). For example, for one interior connection, the stiffness at a drift ratio of
2%, that corresponded to the design drift, was 35% of the initial stiffness.
(a) Crack pattern (b) Lateral force-displacement response
Figure 2.8: Beam-column interior joint at maximum tested drift ratio of 2.8% (extracted from
Priestley and MacRae (1996)).
At NIST, connections for vertical and horizontal joints between precast shear walls
were tested. In this study, the generic TCY, SY and CF systems were used to connect
and dissipate energy in the joints. Figures 2.9 and 2.10 show tested welded and bolted
connections, respectively. According to Priestley (1996), the connections using a brass
friction device and a U-shaped flexure plate presented the most reliable response.
During Phase II new materials were also studied. High performance fiber reinforced
concrete (FRC) was used in the University of Michigan to improve the beam-column joint.
The development of design procedures was took two different directions. The first was
to develop design recommendations for the already existing reinforced concrete systems.
The second was to develop a displacement-based design (DBD) procedure for precast seis-
mic systems. The need for this alternative design procedure was related to the inadequacy
of force-based design (FBD) procedures to deal with the energy dissipation characteristics
and yielding displacement of these systems, since FBD assume an elasto-plastic behaviour
(Priestley, 1996).
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(a) Notched Shear Plate (b) Slotted Flexure Plate (c) Inclined Flat Bar
Figure 2.9: Welded connections for precast shear wall joints tested at NIST (extracted from
Schultz et al. (1994)).
(a) Pinned Tension Strut (b) Brass Friction Device (c) U-Shaped Flexure Plate
Figure 2.10: Bolted connections for precast shear wall joints tested at NIST (extracted from
Schultz et al. (1994)).
The Phase III of the PRESSS program consisted of validating the technology developed
in the former Phases I and II by building and testing two large scale structural systems, a
precast frame system and a precast shear wall system. According to Priestley (1996) the
work would consist of design studies, analytical studies, a large scale test and final design
recommendations for each building. The structure built was a 60% scale building with five
floors, having four different frame systems in one direction and a jointed shear wall system
in the other direction (see Figure 2.11). The floor systems were pretopped double tees for
the bottom three floors and topped hollow-core slabs for the top two floors. In Figure 2.12
a plan view of the floor is shown, where the two seismic frame systems in the x direction
can be seen, one with prestress (hybrid frame) and the other without prestress (TCY gap
frame), and a seismic jointed wall system and two gravity frame systems in the y direction.
The design of the building was made using Direct Displacement-Based Design, as Force-
Based Design is not suitable for this type of structure, as mentioned above. To evaluate
the seismic behaviour of the structure a pseudo-dynamic test procedure was adopted to
simulate the action of an earthquake. Cyclic testing using a force vector in the form of an
inverted triangle was also applied to complement the tests. The test was carried out at
13
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the Charles Lee Power Structural Laboratory of the University of California, San Diego
(Priestley et al. (1999) and Nakaki et al. (1999).
Figure 2.11: General view of the test building (extracted from Conley et al. (2002)).
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Figure 2.12: Plan view of test building showing lower three floors (adapted from Priestley et al.
(1999)).
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The four chosen frame systems included in the test were a TCY gap, a TCY, a hybrid
and a pretensioned. The TCY systems were in the same frame, the TCY gap for the
first three floors and the TCY for the top two floors. The construction method was
multi-storey columns with single-bay beams. The frame using prestress was built with
hybrid connections for the first three floors and pretension on the top two floors. The
hybrid connections were constructed using the same method as the TCY connections.
The pretensioned beams were multi-bay, while the columns were single-storey (Priestley
et al., 1999).
The jointed wall system is shown in Figure 2.13a and was a hybrid system using vertical
prestress bars to recentre and maintain a high stiffness at the end of each cycle and U-
shaped plates (see Figure 2.13b) to dissipate energy until the 2.0% design drift ratio was
reached. The vertical joint used the U-Shaped connection developed at NIST (see Figure
2.10c) and the horizontal joints were prestressed with unbonded bars, that were coupled
with bar connectors in the horizontal joints. The jointed wall panels when horizontally
pushed or pulled will lift (rocking), resulting in the elongation of the prestress bars and in
the deformation of the U-Shaped Plates due to the relative vertical displacement between
adjacent panels (see Figure 2.13b). More details of this building can be founded in Priestley
et al. (1999), Nakaki et al. (1999) and Conley et al. (2002).
(a) Shear wall system (extracted from NZCS (2010). (b) Deformed U-shaped flexure plate (ex-
tracted from Conley et al. (2002)).
Figure 2.13: Jointed shear wall system tested in PRESSS program .
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The seismic behaviour of the large test building was good. The 2.0% design drift ratio
was reached with minor damage in both directions. The overall damage was much less
than the expected for an equivalent monolithic reinforced concrete structure. The jointed
wall suffered minor spalling at the base and fine cracking of floor slabs. The frame systems
performed very well, although the TCY gap was the system that performed the worst and
was most damaged. This problem with the TCY gap connection could be solved by using
a higher post tension clamping force in the bottom of the connection and an improved
detailing to avoid premature spalling of the concrete cover. In the frame direction the
drift ratio reached 4.5% with minor loss of strength. In the wall direction the test ended
when the forces acting in the precast reaction wall exceeded the maximum safety values.
Every system with unbonded prestress resulted in very low residual drift ratios, resulting
in low overall residual drifts in both directions, which were higher in the frame direction.
It should be noted that the x direction (Figure 2.12) had a frame with unbonded prestress
and another without prestress. This last one suffered a higher residual drift ratio and
higher level of damage (Priestley et al., 1999).
With regards to the design, the displacement-based design predicted accurately the
structure behaviour. When compared with force-based design, the strength needed for
the shear base was only 40% and 60% of the correspondent calculated by conventional
force-based design for wall and frame directions, respectively (Priestley et al., 1999).
Since the PRESSS program began, the PRESSS technology as been evolving and some
real applications have been made. In San Francisco, California, the Paramount, a 39
storey-high reinforced concrete apartment building (see Figure 2.14a) was designed. It
was constructed using a shear wall system and a precast and cast in place moment frame
bracing system below the eighth floor and perimeter seismic frames above the eighth floor.
The seismic frame systems used were a precast hybrid moment resistance frame and a
Dywidag ductile connector system that is shown in Figure 2.14b (Englekirk, 2002). The
approach was also used in New Zealand, where a building was built with more recent
PRESSS technology. Figure 2.15 shows that external energy dissipaters were used instead
of the usual internal mild steel energy dissipaters. The major advantage of using external
dissipaters is the quickness of the inspection and eventual replacement after an earthquake,
resulting in minor downtime and mitigating the associated costs (Cattanach and Pampanin
(2008) and NZCS (2010)).
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(a) View of Paramount building (extracted from
Wikipedia (2013))
(b) Dywidag ductile connector (extracted from Dy-
widag (2014))
Figure 2.14: Paramount building in San Francisco, California (Englekirk, 2002).
(a) Column with external dissipaters (b) Beam-column joint with external dissipaters
Figure 2.15: Two applications of external dissipaters on the first multi-storey PRESSS building
constructed in New Zealand (Cattanach and Pampanin (2008) and NZCS (2010)).
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2.2 Walls with rocking system
During the PRESSS program, a coupled wall was used in the large scale test described in
Section 2.1. In that structure, the coupled wall was vertically prestressed to the founda-
tion with unbonded bars and coupled with U-shaped plates in the vertical joint between
adjacent panels. Other studies have been made on precast reinforced concrete walls with
PRESSS technology. Most of the research has been carried out in the United States of
America and in New Zealand.
Quasi-static tests
At the University of Canterbury, New Zealand, five half-scale walls (1350x125x4000 mm3)
were tested. The tests were cyclic and the horizontal actuator was located 3.75 m above
the base of the walls. Restrepo and Rahman (2007) describe the first three rocking walls
tested. The first wall was designed using only prestress (Unit 1R), the second with prestress
and internal mild steel as energy dissipaters (Unit 2R) and the third with prestress, energy
dissipaters and a gravity load of 200 kN (Unit 3R). The prestress and the gravity loads
are restoring forces that contribute to the recentring of the wall. The energy dissipaters
used in Units 2R and 3R were mild steel dissipaters crossing the joint with a dogbone
shape to concentrate the non linear behaviour on a specific unbonded length (see Figure
2.16d). The hysteretic response of these walls is shown in Figures 2.16a, 2.16b and 2.16c.
In terms of damping Unit 1R dissipated a negligible amount of energy; Units 2R and 3R
presented a "flag-shape" hysteretic diagram with a ξeq of 14%. There were some losses of
prestress recorded at the end of the tests, Unit 2R reached 12% loss and Unit 3 19.3%
loss. The structural damage of the walls was minimal and was due to compression near
the edge of the walls as can be seen in the Figures 2.16a, 2.16b and 2.16c. The three walls
had a good recentring behaviour.
Holden et al. (2001) and Holden et al. (2003) describe the other two of the five referred
walls, the Units 1H and 2H (see Figure 2.17a). The first was designed to emulate a cast
in place reinforced concrete wall (Unit 1H) and the other to be similar to Unit 3R but
prestressed with carbon fibers instead of steel tendons and cast with a steel fiber reinforced
concrete for crack control (Unit 2H). Units 3R, 1H and 2H were designed for the same
forces, but due to a scaling problem with the reinforcement of Unit 1H, this one was built
30% stronger than the others (Restrepo et al. (2001)). The hysteretic response diagrams
are shown in Figures 2.17b and 2.17c. The Unit 2H had a push-out failure on the dissipater
bars, which affected the results, achieving very small ξeq values. At 2.5% drift ratio Unit
1H responded with a ξeq of 23.5% while Unit 2H with approximately 5.0%. Apart from
the dissipater failure on Unit 2H, the two walls had a good behaviour, the Unit 1H reached
2.5% drift ratio without losing strength and the Unit 2H reached 3.0% with minor damage.
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(a) Unit R1 only with prestress (b) Unit R2 with prestress and dissipaters
(c) Unit R3 with prestress, dissipaters and 200 kN of
gravity load
(d) Dissipater used in Units R2
and R3
Figure 2.16: Hysteretic response of three walls tested by Restrepo and Rahman (2007).
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(a) View of unit 2H during the cyclic test
(b) Hysteretic response of Unit 1H
(c) Hysteretic response of Unit 2H
Figure 2.17: Hysteretic response of two walls tested by Holden et al. (2003) (extracted from
Holden et al. (2001).
A sequence of studies on post-tensioned rocking walls was carried out by Kurama
(1997), Perez (2004) and Smith (2012). In the first study, numerical models were developed
and the design of prototype walls was made. In the second study, large-scale post-tensioned
wall specimens were tested. The post-tensioning force was applied using high strength
steel bars. In the third study, hybrid walls with and without openings were tested. The
post-tensioning force was applied using strands.
Shaking table tests
More recently, dissipation devices have been tested on the outside of the structures to
facilitate their inspection during the life-time of the structure, or their eventual replace-
ment after a major earthquake or even a possible retrofit. The building in New Zealand
mentioned above (see Figure 2.15) is a good example of an application of the technique in
a new structure.
20
2.2 Walls with rocking system
In the scope of a PhD work developed at the University of Canterbury, New Zealand,
external dissipaters were used in LVL (laminated veneer lumber) and concrete post-
tensioned rocking walls (Marriott, 2009). Both walls were tested on a shaking table.
In the case of the LVL walls, the action was a high-speed cyclic action and consisted of ap-
plying different sinusoidal displacements. In the case of the concrete walls, the action was
dynamic and consisted of applying different recorded earthquake ground motions scaled
to satisfy the New Zealand seismic design spectrum. The concrete walls were connected
at the top to a concrete mass of 3840 kg. For both wall types, five combinations of viscous
and hysteretic damping were used. Figure 2.18 shows two concrete walls, one using four
viscous dampers and the other using four viscous dampers and two mild steel hysteretic
dampers. Free vibration tests were also carried out using the concrete specimens and
based on these tests, it was possible to evaluate the contact damping for a post-tensioned
wall without dissipaters where a mean value of ξ=2.4% was reached (Marriott, 2009).
Figure 2.18: Walls tested with different external dampers solutions. Left: Four external TCY
mild steel dampers, Right: Four external TCY dissipaters and two viscous dampers (adapted from
Marriott et al. (2008).
The mild steel and the viscous dampers were used together with the purpose of having
devices to respond to displacements and to velocity inputs, respectively. Using only viscous
dampers resulted in a low energy dissipation capacity, but the dampers were affected
by a lack of efficiency, due to tolerances in the connections, that resulted in pinching.
The test using the viscous dampers was compromised by the limit of the velocity of the
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shaking table (Marriott et al., 2008). Combining viscous dampers with mild steel was
considered a good solution for resisting different earthquake actions. Another advantage
is that without velocity the viscous dampers respond with zero force, meaning that they
do not contribute to residual displacements, thus the recentring capacity of the system
results from the balance between the moment of the post-tensioning and the hysteretic
dissipaters (Marriott, 2009).
In the NEES (Network for Earthquake Engineering Simulation) large high-performance
outdoor shaking table at the Englekirk Structural Engineering Research Centre, University
of California, a three-storey precast structure at half-scale was tested. The plan dimensions
of the structure were 17.07×4.88 m2. The walls had a cross section of 2.44×0.20 m2 and a
total height of 7.01 m. The structural vertical elements were two precast walls to resist the
seismic actions and ten columns to resist the gravity loads. The three floors had different
precast systems, the first one had a field-topped double tee system, the second one a field-
topped hollowcore system and the third one a pretopped double tee system. The building
is shown in Figure 2.19 and the seismic action was applied in the direction of the precast
rocking wall. The ground motions used for testing were from regions of low, moderate
and high seismic hazard in the United States of America. For the low seismic hazard
earthquakes the wall did not have active energy dissipaters, meaning that the wall was
designed to have the same elastic response as a post-tensioned rocking wall. For the other
dynamic actions the energy dissipaters that were located inside the wall were active and
the wall was a hybrid wall with an expected flag shaped hysteretic response. The floors
were connected to the walls in a way that only horizontal shear was transmitted to allow
relative vertical displacements without restrictions (Belleri et al. (2014) and Schoettler
et al. (2009)).
Belleri et al. (2014) considered the response of the structure as consistent with expec-
tations, however an unpredicted response was also observed. For the low seismic hazard
actions the response was as desired and no damage was observed. For the moderate seis-
mic hazard a diaphragm tension chord failed in three tests, although the fourth was a
successful test. No cracks were observed at this point. For the high seismic hazard, two
levels of earthquakes were used, a design level ground motion and a maximum considered
earthquake. For the design level ground motion, a strand failed for an average stress cor-
responding to 45% of the nominal ultimate tensile strength. This failure lead to a 10% loss
of the post-tensioning force and compromised the subsequent tests. In the subsequent test,
for the maximum considered earthquake, a complete failure of the tendons was reached in
both walls, resulting in uncontrolled rocking of the walls, failure of the columns-foundation
connections bolts and impact of the structure with the restraint towers. This failure re-
sulted in the recommendation to grout the strand duct ends after post-tensioning, to be
able to reach the ultimate capacity of the tendons. After this failure, the structure was
repaired and more tests were carried out. Another conclusion was that the wall base shear
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demand and resistance were affected by the dynamic wall-building interaction. The timing
of the closure of the gap was considered more critical for the base shear than the timing
of the maximum gap opening. The vertical and horizontal accelerations amplify the base
shear and the yielding of the energy dissipaters under compression reduces the base shear
capacity (Belleri et al. (2014) and Schoettler et al. (2009)).
Figure 2.19: 3-floor high shaking table test of precast building at university of California, San
Diego (extracted from Schoettler et al. (2009)).
2.3 Damping of rocking motion
Figure 2.20 shows a block rotated about one corner (point O) to analyse the behaviour
of a rocking block. If the block is rotated with an angle θ and released, it will rotate
backwards about the point O until the vertical position is reached and, after impact, will
continue rotating about the point O’. Assuming an inelastic impact (no bouncing) and
that the angular momentum about the point O’ is conserved, Housner (1963) presented
the equation 2.1 to calculate the relation between the kinetic energy before and after the
impact. This ratio corresponds to a relative loss of energy, as in the impact instant there is
only kinetic energy. Housner (1963) concluded that this energy loss changes the vibration
period of the rocking system during the motion.
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Figure 2.20: Rocking block (adapted from Housner (1963).
r =
[
1 − MR
2
IO
(1 − cos(2α))
]2
(2.1)
IO = m
(
BH3
12
+
B3H
12
)
+MR2 (2.2)
where,
r is the impact reduction of energy ratio;
IO is the moment of inertia about the point O, obtained by equation 2.2;
α is the angle that the line R makes with the vertical;
R is the distance between the corner of the block and the centre of gravity;
m is the mass per unit area of the block;
M is the total mass of the block.
The parameter r was also named apparent coefficient of restitution by Ma (2010).
The Table 2.1 was adapted from Ma (2010), where the theoretical results calculated with
equation 2.1 are compared with experimental studies made by several authors. The table
shows a generally good agreement between theoretical and experimental, but most of
the experimental values exceeded the theoretical ones, suggesting that the actual energy
dissipation tends to be smaller that the one assumed by the equation 2.1. The bigger
differences correspond to the less slender specimens. In addition to the materials and the
slenderness of the specimens, Ma (2010) concluded that the energy dissipated by impact
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also depends on the angular impact speed, whilst having no apparent relationship with
the impact force.
Table 2.1: Comparison of experimental and theoretical apparent coefficient of restitution values
(adapted from Ma (2010)).
Block dimension Material at the contact r
H × B H/B interface (model/base) Experimental Theoretical
200 × 100 mm2 a 2 Wood / steel 0.624 0.490
300 × 100 mm2 a 3 Wood / steel 0.774 0.723
400 × 100 mm2 a 4 Wood / steel 0.884 0.831
1000 × 250 mm2 b 4 Granite / granite 0.876 0.831
762 × 152 mm2 c 5 Aluminium / steel 0.856 0.888
950 × 190 mm2 d 5 Steel / concrete 0.844 0.888
1000 × 167 mm2 b 6 Granite / granite 0.946 0.921
1000 × 125 mm2 b 8 Granite / granite 0.956 0.954
900 × 190 mm2 e 4.9 Steel / concrete 0.720-0.970 0.890
a Ogawa (1977); b Peña et al. (2007); c Aslam et al. (1980); d ElGawady et al. (2006);
e Ma (2010).
Based on Priestley et al. (1978), Ma (2010) presented equation 2.3 to relate the equiv-
alent viscous damping to the apparent coefficient of restitution. Using this equation, the
mentioned ξeq=2.4% obtained by (Marriott, 2009) for a post-tensioned wall would corre-
spond to an apparent coefficient of restitution of r=0.932, in other words 6.8% of energy
would have been lost due to impact.
ξeq = −0.34 ln(r) (2.3)
2.4 Connections using steel angles
2.4.1 Rigid, semi-rigid and flexible steel frames
Steel angles are structural elements that are frequently used in steel construction for
beam-column joints or column-foundation joints. The angles can be used on the beam or
column flanges to contribute to the bending capacity or in the web to contribute to the
shear capacity, however in both cases bending moment and shear forces are resisted.
A joint may be classified as rigid, semi-rigid or flexible according to its rotational
stiffness. Typically, when the angles are welded it is considered as rigid, when the top and
seat steel angles are bolted the joint is considered semi-rigid and when the bolted steel
angles are used in the web the joint is considered to be flexible.
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Astaneh et al. (1989) presented an experimental study on the cyclic behaviour of double
angle connections. The solution was to use two angles, one on each side of the web, welded
to the beam web and bolted to the column flange. They used two types of bolts, structural
ribbed bolts from an existing building and high strength bolts. The ribbed bolts did not
performed as desired, having failed and the high strength bolts performed satisfactorily
and in a ductile way. In these tests, two types of failure modes were observed, the failure
of the bolts, which is never to be desired and fracture of the angles in the zone adjacent
to their fillets.
To compare structures with rigid, semi-rigid and flexible connections, a one-storey,
one-bay structure was constructed to evaluate the dynamic behaviour of different solu-
tions in shaking table tests ( Nader and Astaneh-Asl (1991) and Nader and Astaneh-Asl
(1996). Figure 2.21 shows the steel structure mounted on the shaking table. The flexible
connections were obtained using double angles fixed to the web of the beam. A semi-rigid
connection can be seen in Figure 2.22a which had double angles bolted to the web plus
bolted top and seat angles. The rigid connections were made using a double angle solu-
tion in the web, with the angles welded to the beam web and the top and bottom flanges
welded to the column (Figure 2.22b). The main objective of this work was to study other
alternatives to the rigid connections that the author considered as being the most used
connection type at that time.
Figure 2.21: Steel structure on the shaking table (extracted from Nader and Astaneh-Asl (1991)).
The authors concluded that the semi-rigid connections do not result in larger lateral
displacements or in more damage than the rigid solutions. It was also concluded that a well
designed semi-rigid connection with ductile behaviour can make a positive contribution to
the nonlinear behaviour of the structure, resulting in a more ductile structure. The authors
refer that the semi-rigid connections had a response similar to the rigid connections for low
26
2.4 Connections using steel angles
and moderate earthquake levels. For more severe earthquakes, the semi-rigid connections
reached large rotations with minimal damage due to the top and seat angles yielding and
the slippage of the bolts. It was mentioned that even the flexible connections solution
have potential to resist a earthquake. In the semi-rigid connections, the plastic bending
moment capacity was approximately twice that of the authors expectations, meaning that
the nonlinear response of the steel angles used on top and bottom flanges needed more
study (Nader and Astaneh-Asl (1991) and Nader and Astaneh-Asl (1996).
(a) Semi-rigid joint. (b) Rigid joint.
Figure 2.22: Steel connections tested on the shaking table (extracted from Nader and Astaneh-
Asl (1991)).
Following on from the previous studies, Shen and Astaneh-Asl (1999) investigated the
response of steel angles by testing 8 specimens. Figure 2.23 shows the authors inten-
tion of simulating the actions on the top and seat steel angles with cyclic tension and
compression. The main objectives of the work were to study the hysteretic behaviour,
the nonlinear inelastic patterns and failure modes, the energy dissipation capacity and to
compare monotonic and cyclic behaviour.
In the tests described by Shen and Astaneh-Asl (1999), the deformation patterns and
failure modes of the specimens depended mostly on the relative strength between the angle
and the bolts. Two different deformation patterns and four failure modes are shown in
Figure 2.24. Deformation pattern 1 was the result of having relatively strong bolts and
deformation pattern 2 because of the relatively strong angles. In deformation pattern 1
the steel angle edge presented plastic deformation, leading to no prying resistance. This
phenomenon resulted in a reduced stiffness at the beginning of the following cycles. In
pattern 2 the bolts reached the plastic range, leading to a pinching in the hysteretic di-
agram. The comparison between cyclic and monotonic loading was made by having two
equal specimens that deformed according to the deformation pattern 1 and the other two
equal specimens according to deformation pattern 2. In the first comparison the monotonic
specimen presented 30% more strength and ductility, but in the comparison for the spec-
imens with deformation pattern 2 there was no significant difference between monotonic
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Figure 2.23: Tests simplification: (a) beam-column connection and (b) experimental test of the
angles (extracted from Shen and Astaneh-Asl (1999)).
and cyclic loading. This means that the low-cycle fatigue depends on the deformation
pattern. The authors concluded that, for these specimens, the energy dissipation was
associated with the steel angles and the sizes of the bolts and not with other parameters.
The geometric and strain hardening resulted in rupture forces 2 to 3 times the yielding
forces and the cyclic ductility achieved was between 8 and 10.
Figure 2.24: Failure modes associated with deformation patterns (extracted from Shen and
Astaneh-Asl (1999)).
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Yang and Tan (2013a) carried out a study on the progressive collapse of steel frames.
To that end, steel angles were investigated in Yang and Tan (2013b). The work on angles
had the objective of developing an analytical model to predict their response. To calibrate
the model fourteen tests were made and the bolts position, the angle thickness, the bolt
size and the material properties were the studied parameters. The thickness of the tested
angles ranged from 7 mm to 11 mm and the lengths of the legs from 90 mm to 150 mm.
The authors used two solutions for the bolts, one in the horizontal leg plus one in the
vertical leg and one in the horizontal leg plus two in the vertical leg. The bolts sizes were
M20 or M24 and the load was incremented monotonically. As has already been mentioned,
the failure mode depends on the relative strength between the angle and the bolts, have
five different types been observed by Yang and Tan (2013b). The failure modes were: (1)
angle failure at horizontal leg bolt holes; (2) angle failure on the horizontal leg close to
the fillet (see Figure 2.25); (3) angle failure at horizontal leg bolt holes with bolts yielded;
(4) angle failure on the horizontal leg close to the fillet with bolts yielded; (5) bolts failure
with angles yielded. The authors also concluded that the relative bolt/angle strength
influenced the position of the plastic hinge near the bolts of the horizontal leg. For the
same bolts, the plastic hinge can be closer to the angle fillet for more flexible angles or
closer to the edge for stiffer angles (see Figure 2.26), as had previously been reported by
Shen and Astaneh-Asl (2000). Yang and Tan (2013b) highlights that the force at failure
is significantly higher than the yielding force.
Figure 2.25: Yang and Tan (2013b) angle failure close to fillet (extracted from Yang and Tan
(2013b)).
2.4.2 Unbonded prestressed beam-column connection
Several authors have studied steel rocking beams with unbonded post-tensioning. To ex-
emplify other solutions besides steel angles, Christopoulos et al. (2002b) and Christopoulos
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Figure 2.26: Influence of relative strength bolt/angle on plastic hinge position (extracted from
Yang and Tan (2013b)).
et al. (2002a) studied beam-column joints using tension-compression yield steel bars as en-
ergy dissipaters, Rojas et al. (2005) and Lin et al. (2013) used friction devices as energy
dissipaters.
Steel beams using top and seat steel angles as energy dissipaters were studied in the
following five papers: Ricles et al. (2001) developed analytical models to estimate the
response; Ricles et al. (2002) presented experimental work with large scale unbonded pre-
stressed steel beams; Garlock et al. (2003) described the development of the steel angles;
then Garlock et al. (2005) made full-scale post-tensioned steel connection specimens; Gar-
lock et al. (2007) added more parameters to the prior research, as the interaction between
the floor and the beam and a performance-based seismic design.
Ricles et al. (2001) and Ricles et al. (2002) studied moment-resisting frames, using
unbonded post-tensioned connections between beams and columns with steel angles in
the top and bottom of the beam to dissipate energy and give redundancy under seismic
loading. The authors compare these solutions to the welded solutions, that were the typical
solutions for seismic zones at that time. These hybrid systems presented a stiffness similar
to the welded connection solutions. These systems respond with self-centring capability
and the damage is confined to the angles, that can be easily replaced.
Figure 2.27 shows two connections tested by Ricles et al. (2001). Shim plates were
used to force the contact between the beam flanges and the column and prevent contact
between the beam web and the column, even after the flanges yield. A reinforcing plate
was used in the flanges to prevent the flanges from yielding too early. Washer plates were
used in the vertical legs of the angles to control the plastic hinge location and to to reduce
the prying force on the column bolts (Garlock et al., 2003). Two types of columns were
used, wide flange columns and concrete-filled steel tube columns.
Figure 2.28a shows a specimen (PC6) in the deformed position with unbonded post-
tensioning and with steel angles connected to a concrete-filled steel tube column, presenting
damage in the steel angles at 3.0% drift ratio. Figure 2.28b shows the same specimen
hysteretic diagram for the same specimen (PC6) compared with other specimen (PC8)
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(a) Specimen with wide flange column. (b) Specimen with CFT column.
Figure 2.27: Two types of hybrid connection specimens (extracted from Ricles et al. (2002)).
without post-tensioning. These figures help to support the conclusion that a connection
with the proper design responds very well to cyclic actions. To increase the bending
moment capacity and energy dissipation of the connections, the thickness of the steel
angles can be increased or the gage length (the distance between the bolt in the column
leg and the heel of the angle) decreased. However, these parameters also influence the
accumulated plastic strain in the angles and may result in low-cycle fatigue. It is also
important to have the post-tensioning always in the elastic range to maintain the self-
centring capability (Ricles et al., 2002).
In parallel with the previous studies (Ricles et al. (2001) and Ricles et al. (2002)),
the steel angles that were used were developed and that study is described in Garlock
et al. (2003). The authors tested seven specimens to investigate the influence of the
thickness and gage length of the steel angles on the connection stiffness, strength, energy
dissipation and resistance to low-cycle fatigue. The tests setup were similar to the ones
used by Shen and Astaneh-Asl (1999) shown in Figure 2.23. The steel angle solution was
the one shown in Figure 2.27 and of the seven angles, one was tested without washer plate.
The mechanism that formed included three plastic hinges, one in the bolts of the column
leg and the other two near the fillet, in the column leg and beam leg. Garlock et al. (2003)
concluded that the washer plate had no major effect on the bolt prying force neither in
the plastic hinge location for small gage lengths and thick angles, thus the authors do
not recommend its use, however, no alternative solution to control the prying action was
given. In terms of low-cycle fatigue, stiffer angles with smaller ratios between gage length
and thickness correspond to less resistance to low-cycle fatigue. Garlock et al. (2003) also
presented expressions to estimate the force at yielding and the force in the post-yielding
range. The force after yielding is a function of the geometric and material hardening.
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(a) Specimen PC6 at 3.0% drift ratio. (b) F-d of specimens PC6 and PC8, with different PT.
Figure 2.28: Tests of connections with and without post-tensioning (extracted from Ricles et al.
(2002)).
After the work of Ricles et al. (2001), Ricles et al. (2002) and Garlock et al. (2003),
six full-scale connections were tested and are described by Garlock et al. (2005). The
tests were similar to the ones presented by Ricles et al. (2002), but with larger specimens,
steel wide flange elements and steel angles without washer plates, as recommended by
Garlock et al. (2003). The tests were conducted until a drift ratio of 4.0%. The specimens
presented a self-centring response, and the plastic deformation was concentrated in the
top and seat steel angles.
2.4.3 Concrete coupled wall systems
Two studies on concrete walls with coupling beams using angles as energy dissipaters are
described in Kurama et al. (2006) and Weldon and Kurama (2010). The experimental
work of these studies was carried out at the University of Notre Dame. Steel coupling
rocking beams were used in the study described in Kurama et al. (2006) and concrete
coupling rocking beams in the study described in Weldon and Kurama (2010).
The usual method of building coupled walls using steel beams is to embed the beams
into the walls. In Shen and Kurama (2002) a method was analytically studied considering
steel beams connected to concrete walls using post-tensioning and steel angles, avoiding
the need to embed the beams into the walls. From this work, the results were positive, and
a seven storey high prototype was modelled and subsequently presented in Kurama and
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Shen (2004). From the model, it was concluded that the hybrid coupling beams, due to
the post-tensioning force, gives a self-centring capacity to the concrete wall that reduces
the residual displacements of the structure after a nonlinear response. A disadvantage of
this solution is the lower energy dissipation capacity compared with a beam embedded
construction, as the energy dissipation is concentrated in nonlinear behaviour of the the
top and seat angles. The authors refer this system as a retrofit and strengthening solution
for existing concrete walls.
Kurama et al. (2006) describes eleven tests of half-scale specimens of the prototype
described in Kurama and Shen (2004). The test setup can be seen in Figure 2.29, where
the block that simulates the wall on the left was fixed and the one that simulates the wall
on the right was used to apply the vertical displacements. The rotation in the loading
block was not allowed to maintain the two blocks parallel. The horizontal displacement
was not restrained, as the walls can get closer to each other when horizontal displacements
are applied. The beams axial load was not considered. The connection of the steel angles
to the walls was made using prestressed strands to avoid tension stresses in the concrete.
From Figure 2.29, it can be seen that the solution used was similar to the one used by
Ricles et al. (2002), having a shim plate and a cover plate (or flange reinforcing plate)
for the same reasons. The differences were that Kurama et al. (2006) used angles with
different legs, the connection to the beam was made using only one line of bolts instead
of two and the connection to the vertical element was made using two or four prestressed
strands instead of a line of bolts.
Figure 2.29: Kurama et al. (2006) test setup (extracted from Kurama et al. (2006)).
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From a general point of view, Kurama et al. (2006) concluded that the tested specimens
can be designed for large reversed cyclic loading. The initially used cover plates were used
only in four tests, as the compressions in the flanges did not justify the presence of these
plates. The beam rotations achieved were very large with minor losses of prestress or
degradation of the systems. Figure 2.30a shows a deformed specimen for 8.0% beam
rotation and Figure 2.30b an angle failure in the same specimen for 9.0% beam rotation.
It was observed for cyclic loading that thicker angles lead to low cycle fatigue cracks for
smaller rotations. Another conclusion was that the damage was confined to the angles,
allowing a reuse of the coupling steel beams.
3
(a) Deformed specimen at 8.0% beam rotation. (b) Angle failure at 9.0% beam ro-
tation.
Figure 2.30: Steel coupling beam test (extracted from Shen (2006)).
For the work on coupled walls using concrete coupling beams, a prototype with only
one beam was modelled in Weldon and Kurama (2007) to make parametric variations.
Weldon and Kurama (2010) describes the tests of eight half-scale specimens. The general
setup used for these tests was similar to the one previously mentioned and shown in Figure
2.29. Some changes were introduced, such as the exclusion of the cover plate and the use
of two prestressed strands in the vertical legs and four bolts in the horizontal legs of the
steel angles. A centred tendon was used for the post-tensioning. The concrete beams
had special confinement near the connection to protect the compressive concrete. As for
the steel coupling beams, the concrete coupling beams presented a good behaviour and
can be designed for large reversed cyclic loading. The specimens sustained large rotations
with damage located in the steel angles and cover concrete near the connection. In one
specimen there were premature losses in the post-tensioning forces due to the fracture of
wires. These losses reduced the self-centring capacity of the specimen.
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2.4.4 DIS-CAM system and timber beam-column connections
Steel angles have been used in a system described by Dolce et al. (2006) named DIS-CAM
(DISsipative Active Confinement of Masonry). This system is an evolution of the CAM
(Active Confinement of Masonry) system, where the columns are confined with angles
along the corners and post-tensioned steel ribbons wrapping the columns (Dolce et al.,
2003). The DIS-CAM system adds steel angles as energy dissipaters to the CAM system.
The dissipative angles are welded to the angles in the corners of the beams and columns.
Figure 2.31a shows a corner of the one-fourth scale 3D reinforced concrete model made
to test this solution in a shaking table. This model was initially designed only for gravity
loads, then tested, repaired and strengthened with the DIS-CAM system. Figure 2.31b
shows the developed angle solution, with one zone where the angle is thinner and with
holes to provide the desired strength and stiffness. The maximum achieved drift ratio
was about 8.0% and the structure did not collapse, although many dissipaters failed. In
general the test was considered to be positive, with good energy dissipation and a high
ductility capacity.
(a) Beam-column joint. (b) Steel angle.
Figure 2.31: DIS-CAM system in a 3D reinforced concrete model (adapted from Dolce et al.
(2006)).
At the University of Canterbury in Christchurch, New Zealand, timber solutions using
laminated veneer lumber (LVL) have been studied for frame and wall structures (Palermo
et al. (2005), Palermo et al. (2006b), Palermo et al. (2006a), Iqbal et al. (2007), Smith
et al. (2007), Iqbal et al. (2008) and Iqbal et al. (2010)). These systems are a continuation
of the PRESSS technology and are known as PRES-LAM. In the work described in Smith
et al. (2014), Smith et al. (2011) and Smith et al. (2012), a post-tensioned full-scale glue
laminated (GLULAM) timber beam-column joint was tested. This test was carried out
in the structural laboratory of the University of Basilicata, Italy. The system used for
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this connection was post-tensioned and had steel angles to give additional strength and
energy dissipation. The steel angles used were developed based on the DIS-CAM system.
A general view of a test is shown in the picture of Figure 2.32a. Four types of tests were
carried out: using only post-tensioning; using post-tensioning with steel angles; using only
post-tensioning plus gravity load and using post-tensioning with steel angles plus gravity
load. Parametric variations were made for the post-tensioning force and the quantity of
steel angles was also variable, resulting in a total of twenty one tests. The steel angle used
in these tests can be seen in Figure 2.32b, in a deformed position showing cracks in the
column leg near the fillet. The post-tensioning was applied using a 7 wire strand 0.6" for
forces below 170 kN or a 26 mm diameter bar for larger forces.
From a general point of view, the connection behaviour was good, with the maximum
applied drift 2.5%. A steel angle fatigue failure was observed at the maximum drift (see
Figure 2.32b). Concerning the post-tensioned tests without dissipaters, the response was
as expected, with an elastic and recentring behaviour of the connection. With the addition
of the steel angles, the bending moment increased as well as the energy dissipated. An
important conclusion was that with a decrease in the post-tensioning force, the gap opens
sooner and the displacement demand in the angles increases for the same drift. The
plastic behaviour was confined to the steel angles, as desired. Finally, the tests including
gravity load resulted in a response similar to the ones without gravity load. The gravity
load essentially increased the demand on the shear that was transmitted by friction, steel
angles and an interior steel tube designed to resist the shear force and to allow the presence
of the post-tensioning inside the beam (Smith et al. (2014) and Smith et al. (2011)).
(a) Picture of the test. (b) Deformed and cracked angles.
Figure 2.32: GLULAM beam-column joint test (extracted from Smith et al. (2011)).
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2.5 Performance based design
The seismic design of a structure can be made using "Performance Based Design", a general
term that can be associated with "Limit States Design", according to Priestley (1998). The
structures have to behave inside imposed limits or performance limits.
A more common way of designing is known as "Force-Based Design" (FBD), where
the strength of the structure is the main parameter to be controlled. The elastic stiffness
is used to characterise the structure and the demand forces are obtained based on a 5%
damping acceleration spectrum and a behaviour factor, to reduce those demand seismic
forces. The main problem with this method is determining the stiffness to be used. The
elastic stiffness is not real and will result in unreal estimations of demand forces and
displacements. To take into account the cracking of the elements, Priestley (1998) states
that a reduction of 50% in the moment of inertia of the gross is used in many cases.
Priestley (1998) also suggests that for more rigorous design, different reductions should
be used for different types of elements and suggests, based on Paulay and Priestley (1992)
that 40%, 70% and 30% of the gross area inertia may be used for beams, columns and
walls, respectively. More details of the Force-Based Design procedure are discussed in
Priestley (1993) and Priestley (2003).
The FBD estimates the internal forces caused by the seismic action on the elements
of the reinforced concrete structure. The seismic action is not a force itself, it is a his-
tory of displacements applied in the foundation of a structure that will be transmitted
from floor to floor through the vertical elements of the structure. This means that the
seismic action is not a force applied but the forces are a consequence of the stiffness of
the structure. Theoretically, a structure with no stiffness would have no seismic forces
demand! Therefore, during an earthquake the stiffness will be reduced due to damage and
the seismic forces should not be obtained based on elastic analyses but taking into account
the nonlinear behaviour of the structure. This led to a use of a behaviour factor to reduce
the elastic forces obtained from considering an elastic behaviour of the structure. The
problem with FBD is that the displacements associated to the real behaviour are difficult
to obtain. Based on this, alternative procedures to design structures with the objective
of achieving better estimations for the displacements/deformations were developed and
called "Performance-Based Design".
In the case of rocking walls, the non-linearity is concentrated in the connections and the
post-elastic behaviour is also taken into account explicitly, so the usual FBD considering an
initial stiffness and a behaviour factor is not an appropriate way to design it. In this case
a DBD method has to be used. More generally it can be said that for precast structures
the FBD should be used only for emulative structures (Nakaki et al., 1999).
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2.5.1 Direct Displacement-Based Design (DDBD)
Direct Displacement-Based Design (DDBD) is a DBD method used for the seismic design
of structures. In the DDBD procedure the structure is characterised by a single degree
of freedom (SDOF) representation of performance at peak displacement response, rather
than by the initial elastic characteristics, as in FBD (Priestley et al., 2007).
In Figure 2.33 a resume of the DDBD design is shown. The first step is to assume a
critical drift ratio and estimate an equivalent damping for the structure. The damping can
be estimated based on the type of structure and the displacement ductility (Fig. 2.33(c)).
With this and considering a deformed shape that depends on the type of structure, it is
possible to obtain the SDOF structure (Fig. 2.33(a)) and a design displacement on the
effective mass, ∆d. With the design displacement and the displacement spectrum for the
equivalent damping, the SDOF vibration period is obtained (Figure 2.33(d)) with which
the SDOF effective stiffness, Ke is calculated. As can be seen in Figure 2.33(b), with
the Ke and ∆d, the shear base can be calculated, Vb = Ke × ∆d. At this point, the real
structure has to be considered and designed. The design seismic forces are obtained by
distributing the Vb for each floor as a function of the displacements along the height of
the structure. The plastic hinges at critical sections have to be designed as well as the
rest of the structure. The next step is to verify the assumed damping. With the structure
designed, it is possible to model the real behaviour and obtain a hysteretic diagram to
calculate the equivalent damping. With the real damping, the need to iterate is evaluated
comparing it with the initial damping. If the initial damping is not correct a different
displacement spectrum needs to be considered with the new damping value, if not the
structure is detailed according with capacity design (Priestley (1998), Priestley (2002),
Priestley (2003) and (Priestley et al., 2007)).
2.5.2 Empirical methods for force-displacement diagrams and structural
limit states
During the application of a displacement in the top of a precast post-tensioned concrete
rocking wall or frame, several main points can be defined to draw a force-displacement
diagram. After the initial linear-elastic response, decompression is reached and a gap
is opened in the base connection. At this stage there is no significant modification to
the stiffness of the structure, what happens when the neutral axis is much deeper into
the section or when the concrete has a nonlinear response under compression. After the
change to the stiffness there are three options: the yielding of the energy dissipater (if
present); reaching the limit of proportionality of the post-tensioning steel and excess of
compression on the concrete. This last stage corresponds to the ultimate limit state and
the three options can be achieved sequentially.
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Figure 2.33: Fundamentals of Direct Displacement-Based Design (extracted from Priestley et al.
(2007)).
Priestley and Tao (1993), developed a bilinear idealisation, considering the limit of
proportionality of the prestress as the ultimate state. In this study, a precast prestressed
frame with partially debonded tendons without dissipaters was considered, as can be seen
in Figure 2.34a. To define the bilinear idealisation (Fig. 2.34b), three points are needed,
the first is the origin, point one, then the end of the initial stiffness, point two and the
limit of proportionality of the prestress, point three. Point two is obtained considering
that the stiffness changes when the gap opening has propagated to the centroidal axis,
unless the average initial stress in the concrete due to prestress is higher than 0.25fcm.
This point corresponds to a moment twice the one related to the decompression of the
cross section. The author considers that the prestress should remain elastic, thus point
three is when the limit of proportionality of the prestress is reached. In this example no
dissipation device is considered, what means that only an excess of compression stress in
the concrete can change this bilinear idealisation.
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Figure 2.34: Beam-column connection with partially debonded tendons (adapted from Priestley
and Tao (1993)).
Perez (2004) made an approach similar to Priestley and Tao (1993), using some of
their conclusions and added the possibility of the prestress steel to reach stresses beyond
the limit of proportionality. Based on Kurama (1997), Perez (2004) presented seven wall
stages for the behaviour of an unbonded post-tensioned precast prestressed wall:
1. decompression at the base of the wall (DEC);
2. elastic limit of the linear-elastic response of the wall (ELL);
3. limit of proportionality of the prestress steel (LLP);
4. base shear capacity;
5. loss of prestress under cyclic lateral load;
6. crushing of confined concrete (CCC);
7. rupture of prestressing steel.
1. DEC is when the wall starts to lift on one side and opens a gap in the connection.
As already mentioned, at this stage there is no significant change to the wall stiffness. The
initial compressive force is due to the prestressing force and the other vertical loads.
2. ELL is when the wall changes stiffness, this occurs by the growing of the opening
of the gap or by a nonlinear behaviour of the concrete in compression. According to El-
Sheikh et al. (2000) the value of the bending moment that corresponds to this stage should
be calculated as the minimum value considering two possible situations: the concrete
nonlinear response in compression, assuming an extreme fiber (including the concrete
cover) strain of the concrete equal to 0.003 and a prestressing force equal to the initial
one; the geometric softening, that is considered to be reached when the gap opening
length propagates beyond 75% of the cross section depth, corresponding to 2.5 times the
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decompression bending moment. This last situation, that corresponds to the geometric
softening, is different from the one previously suggested by (Priestley and Tao, 1993),
where the effect of the gap opening on the stiffness is considered small until the neutral
axis reaches the section centroid.
3. LLP is when the limit of proportionality of the prestress steel is reached. Beyond
this limit the prestress force begins to have losses and the structural initial elastic stiffness
is reduced. The prestress can be applied with several bars or tendons, which means that
the first bar or tendon to reach the limit of proportionality may not impose a significant
loss of stiffness due to prestress. Either way, LLP is considered to be reached when the
first bar or tendon reaches the limit of proportionality.
4. The base shear capacity is the maximum base shear that can be reached. Consid-
ering that there is no sliding, the base shear is controlled by the overturning capacity of
the wall and is achieved when the prestress reaches the limit of proportionality (LLP),
neglecting the strain-hardening effects in the steel.
5. As mentioned above, the loss of prestress occurs when the wall is unloaded from a
drift after the prestress had went beyond the limit of proportionality. Prestress losses can
also be associated with local damage or system adjustments during loading, especially in
short length bars or tendons.
6/7. CCC is a limit state that should be avoided. To delay this limit state beyond the
design drift ratio, the concrete should be conveniently confined. Priestley and Tao (1993)
recommend interlocking spirals as confinement for rectangular beams (Figure 2.5), that
can also be used in the walls. As well as CCC, rupture of post-tensioning steel should
never occur within the design drift ratio.
Using ELL, LLP and CCC limit states, Perez (2004) presented the tri-linear ideal-
isation, base shear vs drift ratio, that is shown in Figure 2.35. The difference for the
idealisation presented by Priestley and Tao (1993) is essentially by considering the struc-
ture beyond LLP.
2.5.3 Performance levels
Perez (2004) states that according to FEMA-273 the performance levels are: (1) the
immediate occupancy performance level, and (2) the collapse prevention performance level.
In immediate occupancy the structure has an essentially elastic behaviour with minor
post-earthquake structural and non-structural damage. In collapse prevention, damage
is expected without the collapse of the structure. The immediate occupancy level is
expected to be reached if the drift ratio associated with the LLP is not exceeded during
an earthquake. The collapse prevention is expected to be accomplished if there is no
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Figure 2.35: Tri-linear idealisation (adapted from Perez (2004)).
crushing in the confined concrete. If the demand drift ratio goes beyond CCC limit state,
the structure is expected to completely or partially collapse.
Having the structure limit states associated with the desired performance levels it is
needed to link it with the seismic demand levels. Perez (2004) associates the immediate
occupancy with the design level ground motion and the collapse prevention with the
maximum considered ground motion. The maximum considered ground motion has a 2%
probability of being exceeded in 50 years, corresponding to a 2500 year return period,
and the design level ground motion a ground shaking intensity of 2/3 of the maximum
considered earthquake ground motion according to IBC-2003.
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Steel angles as energy dissipation
devices
3.1 Introduction
This chapter focuses on the development of energy dissipaters for hybrid rocking precast
wall systems. The energy dissipaters developed in this work were to be used externally to
the wall, having the advantages of being easy to inspect and replace after an earthquake.
The work had the goal of achieving dissipaters that presented a good cyclic behaviour,
adequate strength and enough ductility to sustain the displacements applied by a major
seismic event without failure. Experimental work using steel structural angles as dissipa-
ters was done and solutions presenting the desired behaviour were achieved. To support
and complement the experimental tests, 2D numerical models were analysed using a finite
element software and an analytical method is presented for elastic and plastic ranges.
3.2 Experimental tests
The steel angles studied were to be used as external dissipaters in the connection of a hybrid
rocking precast concrete wall to the foundation. The rocking of the wall-foundation joint
has a relative displacement between the wall and the foundation that the steel angles have
to follow (Figure 3.1a).
Cyclic tests were made applying a vertical displacement to two identical steel angles
at the same time, in order to produce a symmetric specimen. This action is not exactly
identical to the action on the hybrid wall (Figure 3.1b) because the wall has a small
rotation, as is shown in Figure 3.1. This simplification is needed to allow the testing of
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the specimens in a standard universal testing machine. A test with both displacement
and rotation would have the disadvantage of being specific for each pair of effects and the
rotation effect is small and may be neglected.
The experimental tests were made at Laboratório Nacional de Engenharia Civil (LNEC),
using a universal testing machine that can be seen in Figure 3.2. Five specimens, with two
angles each, were tested with an imposed cyclic displacement history, each specimen being
a variation of the previous one to include improvements between specimens. The main
problem to overcome during this work was achieving a stable cyclic hysteretic behaviour,
specially in the reloading part of the test.
Steel angle
Steel angle
Foundation
Precast concrete wall
(a) Precast wall rotated.
Plastic hinges
(b) Steel angle deformation.
Figure 3.1: Precast concrete wall with steel angles.
3.2.1 Specimens
The steel angles tested were cut from a 6 m long structural laminated steel bar. In Figure
3.3a the L150x150x15 used in specimens A1 to A4 is shown as well as the position of
the bolts and washer plates used. It should be noted that specimen A4 did not have a
washer plate. In Figure 3.3b the L200x200x16 used in specimen A5 is shown as well as
the position of the bolts. In Figures 3.3a and 3.3b the distance g is defined as the distance
that indirectly controls the lever arm between the expected plastic hinges in the bottom
leg of the angles. Table 3.1 presents the main characteristics of the five tested specimens.
3.2.1.1 Steel angles conception
The steel angles were designed to be used as energy dissipaters in the precast rocking walls
described in Chapter 4. After preliminary calculations to predict the walls response, the
desired steel angle should have a good cyclic behaviour of up to 15 mm of displacement
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Figure 3.2: Universal testing machine.
and a resistance not higher than 140 kN. The first angle solution to be tested was designed
based on Garlock et al. (2003) and resulted in specimen A1. Although the use of washer
plates is not recommended in that study, specially for very rigid angles, they were included
in the horizontal leg bolts to avoid having a plastic hinge in the bolt zone, thus avoiding
stress concentrations near the holes and to have better control of the location of the
plastic hinge. The washer should also help to reduce the negative effects of the prying
action during cyclic displacements that can occur if the end of the horizontal legs lift
during unloading and compression. The forces involved in this are shown in Figures 3.4a
and3.4b, where it is shown that the stiffness of the washer plates and bolts play a major
role in this issue.
3.2.1.2 Specimen A1
The specimen A1 was a L150x150x15 (mm) angle with a length of 125 mm (Figure 3.3a).
The vertical legs had four M16 threaded rods, class 8.8, inserted in circular holes of 18 mm
diameter. The horizontal leg of each angle had two M20 bolts, class 8.8, with a 10 mm
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(b) Angles for specimen A5.
Figure 3.3: Dimensions of the specimens.
Table 3.1: Main characteristics of the angles tested.
Holes ovalization Bolts twasher g tangle Prying action
Vertical legs Horizontal legs Vertical legs Horizontal legs (mm) (mm)(mm) control
A1 No Longitudinal M16 CL8.8 M20 CL8.8 10 85 15 Washer/bolt
A2 No Longitudinal M16 CL10.9 M20 CL10.9 15 81 15 Washer/bolt
A3 Transversal No M16 CL10.9 M20 CL10.9 15 85 15 Washer/bolt
A4 Transversal No M16 CL10.9 M20 CL10.9 - 80 15 Welding
A5 Transversal No M20 CL8.8 M20 CL10.9 - 89 16 Bolts
thick washer plate. The holes of the angles’ horizontal legs were longitudinally oval,
with a length of 32 mm and a width of 22 mm, for assembly tolerances. All the bolts
were prestressed according to EN 1993-1-8 (2005) limits. The main characteristics of this
solution can be found in Figures 3.3a and 3.5 and in Table 3.1.
3.2.1.3 Specimen A2
The specimen A2 was initially designed to have a smaller g distance, leading to a stiffer
and stronger specimen. The bolts and washers of specimen A2 were only decided after
Plastic hinge
FT + ∆FT
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FC + ∆FC
(a) Rigid bolt and a rigid washer plate.
Plastic hinge
FT + ∆FT
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(b) Flexible bolt and a rigid washer plate.
Figure 3.4: Tensile and compression situations for a rigid washer plate.
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Nut
Angle
Bolt
Welded nut
Force
Force
Force
Force
Threaded rod
Washer plate
Figure 3.5: Specimen A1 test setup.
the test of specimen A1. Stiffer and stronger washer plates were used, with a thickness
of 15 mm instead of 10 mm, because they were shown to be insufficient in the previous
test. The class of resistance of the steel used in the bolts and threaded rods was changed
to class 10.9 and additional standard washers were used. The main characteristics of this
solution are shown in Figures 3.3a and in 3.6 and Table 3.1.
Nut
Angle
Bolt
Welded nut
Force
Force
Force
Force
Threaded rod
Washer plate
Standard washer
Standard washer
Figure 3.6: Specimen A2 test setup.
3.2.1.4 Specimen A3
The specimen A3 had bolts in the same position as in specimen A1. The differences
between the specimen A2 and A3 were the geometry of the holes and a different g distance.
The holes were circular in the horizontal legs and horizontally oval, with a length of 23 mm
and a width of 18 mm, in the vertical legs to allow for assembly tolerances. The position
of the bolts was the same as in specimen A1 and the washer plates, standard washers,
bolts and threaded rods were the same as in specimen A2. The main characteristics of
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this solution can be found in Figures 3.3a and 3.7 and in Table 3.1.
Nut
Angle
Bolt
Welded nut
Force
Force
Force
Force
Threaded rod
Washer plate
Standard washer
Standard washer
Figure 3.7: Specimen A3 test setup.
3.2.1.5 Specimen A4
In specimen A4 two main improvements were made, the edges of the horizontal legs were
welded to the base plate and the washer plates were not used. The purpose of the welding
was to restrain the vertical displacement of the edges of the horizontal legs. The exclusion
of the washer plates, as will be seen in Section 3.2.5, was because they were unable to
accomplish the functions that were explained above. The hole geometry was similar to
specimen A3. The positions of the bolts in the horizontal legs were closer to the vertical
leg, with a smaller g dimension than the first three specimens, in order to compensate for
the lack of washer plate in terms of stiffness and strength. The main characteristics of
this solution are shown in Figures 3.3a and 3.8 and in Table 3.1.
Nut
Angle
Bolt
Welded nut
Force
Force
Force
Force
Threaded rod
Welding
Standard washer
Standard washer
Figure 3.8: Specimen A4 test setup.
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3.2.1.6 Specimen A5
Specimen A5 was designed to have a response similar to specimen A4, without the welding
along the edges of the horizontal legs. For that reason, a steel angle with a longer horizontal
leg was needed to accommodate a second row of bolts. The second row of bolts was
located at the same distance from the first row of bolts as the welding in specimen A4.
The specimen was a L200x200x16 (mm) steel angle with a length of 125 mm. In this
specimen all the bolts and threaded rods were M20, the bolts being in steel class 10.9
and the threaded rods in steel class 8.8. As the threaded rods were M20, the holes were
horizontally oval with a length of 27 mm and a width of 22 mm. The main characteristics
of this solution are shown in Figures 3.3b and 3.9 and in Table 3.1.
Nut
Angle
Bolt
Welded nut
ForceForce
ForceForce
Standard washer
Standard washer
Threaded rod
Figure 3.9: Specimen A5 test setup.
3.2.2 Instrumentation
The instrumentation was prepared to record the total force and relative displacements
during the tests. The total force was monitored by the universal testing machine load cell.
The displacements were monitored by displacement transducers attached to the vertical
legs above the top row of bolts. The displacement transducers were placed to measure the
relative displacements between the angle and the base and to monitor the deformation of
the bolts, that was supposed to be negligible.
In the first four tests of specimens A1 to A4, the displacements were monitored by four
displacement transducers. In the fifth test of specimen A5, six displacement transducers
were used. The relative displacements from the angle vertical legs to the base and to the
heads of the bolts in the horizontal legs were measured. The location of the displacement
transducers is shown in Figure 3.10a for the specimen A1, which was similar to specimens
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A2, A3 and A4 and in Figure 3.10b for the specimen A5. For each angle a threaded rod
was screwed in the angle vertical leg to attach the transducers.
D1
D2 D3
D4
Force
Force
Force
Force
(a) Instrumentation of specimens A1
to A4.
D1
D2 D3 D4 D5
D6
Force
Force
Force
Force
(b) Instrumentation of specimen A5.
Figure 3.10: Transducers used for displacement monitorization.
3.2.3 Test protocols
The main purpose of the experimental tests was to develop an optimised design solution
for steel angles to be used in hybrid walls systems with cyclic actions. This was achieved by
applying a cyclic protocol with one cycle per amplitude. Figure 3.11a shows the protocol
used in the specimen A1 test and Figure 3.11b shows the protocols in the other specimens.
The first test was different only in the first cycle, where two cycles with smaller amplitude
were made instead of the 5 mm amplitude cycle. This difference was due to the need to
test the response of the whole system in the first test. The tests of specimens A2 to A5 did
not finish with the same displacement; the maximum achieved displacement was 30 mm
for specimens A2 and A5, as is shown in Section 3.2.5.
When the rupture was not achieved, the test end criteria was always safety regarding
the laboratory equipment and technicians. The tests were performed using displacement
control, which led to a problem with the unloading part of the test, where it was important
to avoid the angles touched the base. If the referred contact was permitted, there was a risk
of a sudden rise in the force that could break the horizontal bolts in the vertical leg of the
angles. For that reason, the angles under compression never reached zero displacement,
there always remained a residual displacement.
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(b) Specimens A2 to A5.
Figure 3.11: Steel angles cyclic test protocol.
3.2.4 Materials
The steel prescribed for both angles was S275 grade. To obtain the mechanical charac-
teristics of the steel, dog-bone specimens were made according to EN 10002-1 (2001) as
shown in Figures 3.12a and 3.12b and tensile tests were performed (Figure 3.13). The
results for four tested specimens of each type are shown in Figures 3.14a and 3.14b and
summarised in Table 3.2. In Figure 3.13a a general view of a tensile test is shown with
the mechanical and electric gauges. Figure 3.13b shows a specimen after failure.
From the stress-strain diagrams shown in Figure 3.14a, it can be seen that the re-
sults for the four specimens were similar. However, the results in Figure 3.14b present
two different responses for two pairs of specimens. The explanation for this fact is that
the bigger legs of the L200x200x16 angle made possible the fabrication of two dog-bone
specimens from each leg instead of one as in the L150x150x15 angle. As a result of this,
the steel tested from the L150x150x15 angle was always from the same region of the angle
section while in the L200x200x16 angle two dog-bone specimens were from a region closer
to the fillet whilst the other two were from a region closer to the exterior edge of the angle
section. In Figure 3.14b the two specimens with higher yield stress were from the region
closer to the exterior edges of the angle section.
1212
120120 180
3660
15
(a) Specimen of L150x150x15 angle.
1212
120120 180
3559
16
(b) Specimen of L200x200x16 angle.
Figure 3.12: Dog bone specimens for tensile tests.
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(a) Dog bone specimen in machine. (b) Specimen after rupture.
Figure 3.13: Pictures of the tensile steel tests of L150x150x15 angle.
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(b) Angle L200x200x16 steel.
Figure 3.14: Stress vs strain diagram of angles steel under tensile test.
3.2.5 Results of the steel angles tests
This experimental work was used to develop the steel angles as external dissipaters and
the design of the dissipaters evolved throughout the testing. The first three specimens
did not have the desired behaviour that was achieved in the last two specimens. The
main parameters that will be discussed here are the achieved forces, ductility and cyclic
behaviour. The achieved force for a target displacement is the main parameter for the
design of the dissipater. The ductility is important because the dissipaters work mainly in
Table 3.2: Tensile tests for steel used in specimens.
fy εy σmax εmax εsu Es
(MPa) (%) (MPa) (%) (%) (GPa)
L150x150x15 309.9 0.15 433.8 21.46 30.70 201.1
L200x200x16 311.8 0.15 436.6 21.94 33.22 214.9
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a plastic range, needing ductility to achieve the design displacement. The achieved forces
and displacement are summarised in Table 3.3. The cyclic behaviour is evaluated by the
shape of the hysteretic diagram in each cycle, which gives the information on the stability
of the dissipater along the cycles, the energy dissipated and the response in tension and
compression.
Table 3.3: Forces for one angle and maximum sustained displacement.
F(kN) - Maximum force for different displacements dmax(mm)
5 mm 10 mm 15 mm 20 mm 25 mm 30 mm
A1 104 116 127 138 148 - >25
A2 123 143 156 175 188 192 30
A3 116 138 154 176 193 181 25
A4 100 122 136 149 135 - 20
A5 103 125 138 152 165 188 30
3.2.5.1 Specimen A1
The deformed shape of specimen A1 is shown in Figure 3.15. From this picture it should
be highlighted that the contact between the angles and the base starts in the middle of
the washer plates and the washer plates were bent by flexure. This means that the washer
plates and the bolts were not able to control the position of the plastic hinges position,
that formed below the washer plates instead of next to them. Another consequence of this
fact can be observed in Figure 3.16, that shows the lack of contact between the base and
the edge of the angles. The lack of contact that occurred in the compression phase and in
the beginning of the next tension phase, was due to the residual deformation left by the
prying action responsible for the plastic hinge near the bolts of the horizontal leg.
The hysteretic response diagram is shown in Figure 3.17. The displacements were
measured between the vertical legs and the base using transducers D1 and D4 (Figure
3.10a). The displacements shown are the average of transducers D1 and D4. The maximum
achieved force for a given displacement can be obtained from the hysteretic diagram or
from Table 3.3. The cyclic behaviour was not the desired one, because in the reload part
of the cycles, when the specimen goes from compression to tension, the stiffness decreases
significantly, compromising the cyclic response. The maximum achieved displacement was
25 mm with no evidence of failure.
The problem referred to in the cyclic behaviour was associated with three possible
causes: the prying action forces that resulted in the lifting of the edges of the angles,
which can be observed in Figure 3.16; an eventual yielding of the bolts in the horizontal
legs submitted to bending and tensile forces and the longitudinal ovalization of the holes
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in the horizontal legs which allows the angles to slip. The washer plates suffered plastic
deformations and were not able to impose the plastic hinges position in the angles or to
control the prying action. To mitigate these problems, the specimen tested after this had
three main differences: thicker washer plates; more resistant bolts and standard washers in
all bolts and threaded rods. The use of thicker washer plates and the more resistant bolts
intended to control the position of the plastic hinges and to keep the edges from lifting.
The standard washers should allow a more uniform distribution of the stresses applied by
the head of the bolts to the washer plates. All these changes were made to improve the
behaviour of the washer plates and bolts on the horizontal legs of the angles and mitigate
the first two possible causes of the cyclic behaviour problem outlined above.
Figure 3.15: Picture of deformed specimen A1.
Figure 3.16: Plastic residual deformation of specimen A1.
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Figure 3.17: Hysteretic response diagram of specimen A1 cyclic test.
3.2.5.2 Specimen A2
The deformed position of specimen A2 test is shown in Figure 3.18. In this specimen the
washer plates had rigid body behaviour but the angles lifted from the base in the middle of
the washer plates, meaning that the plastic hinges in the angles horizontal legs still formed
below the washer plates. Figure 3.19 shows the residual deformation of these angles. This
figure shows that the edges of the angles still lifted up. In this test it was also possible to
notice some slippage of the angles below the washer plates.
The hysteretic response diagram is shown in Figure 3.20. The displacements were
measured between the vertical legs of the angles and the base using transducers D1 and
D4 (Figure 3.10a). The displacements shown are the average of transducers D1 and D4.
The cyclic behaviour was not as desired, because when the specimen went from compres-
sion to tension the stiffness decreased significantly, compromising the cyclic behaviour.
This means that despite some improvements, the main problem detected in specimen A1
remained. The maximum achieved displacement was 30 mm, with imminent rupture. Ob-
serving the response diagram it is possible to see an horizontal plateau near the maximum
force and a crack is shown in Figure 3.21 in the plastic hinge below the washer plate zone,
meaning that this specimen was near failure. The horizontal leg holes were oval, allowing
slippage of the angles and this could influence the variations of stiffness during the test.
These holes were changed to circular in the next tested specimen.
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Figure 3.18: Picture of deformed specimen A2.
Figure 3.19: Plastic residual deformation of specimen A2.
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Figure 3.20: Hysteretic response diagram of specimen A2 cyclic test.
56
3.2 Experimental tests
Figure 3.21: Picture of a crack in specimen A2.
3.2.5.3 Specimen A3
As in specimen A2, in specimen A3 the washer plates had rigid body behaviour (Figure
3.22) and the angles started to lift up from the base in the middle of the washer plates,
meaning that the plastic hinges were still forming below the washer plates, as may also
be seen in Figure 3.23. No slip was observed in the horizontal direction in this specimen
because the holes in the horizontal legs were drilled circular instead the oval ones used in
specimens A1 and A2.
In the hysteretic response diagram shown in Figure 3.24, the displacements were mea-
sured between the vertical legs and the base using transducers D1 and D4. When the
specimen went from compression to tension the stiffness decreased significantly, compro-
mising the cyclic behaviour. This means that despite the improvements made, the main
problem detected in specimens A1 and A2 remained. After this test it seemed clear that
the problem could only be solved by restraining vertical displacements on the edge of the
horizontal legs. The maximum achieved displacement can be considered 25 mm, since
failure was already achieved for 30 mm displacement, as can be seen in the hysteretic
response diagram. From Figure 3.25 it is also possible to see the rupture in the plastic
hinge below the washer plate zone. Both angles presented a similar rupture.
After three tests with continuous detailing improvements, but without solving the main
cyclic response problem, some changes in the design solution of the next specimen had
to be made. The first change was the exclusion of the washer plates. The introduction
of washer plates was explained in Section 3.2.1 but for the relative stiffness between the
angles and the washer plates and bolts used, the washer plates were not able to fulfill their
purpose. Without washer plates it is clear that the plastic hinges in the horizontal legs
should be in the line of the bolt holes. To restrain the edges from lifting, the edges were
welded to the base.
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Figure 3.22: Picture of deformed specimen A3.
Figure 3.23: Angle edge lift on specimen A3.
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Figure 3.24: Hysteretic response diagram of specimen A3 cyclic test.
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Figure 3.25: Picture of cracking in specimen A3.
3.2.5.4 Specimen A4
The deformed shape of specimen A4 test is shown in Figure 3.26. The specimen without
washer plates presented the plastic hinge in the line of the bolt holes, as expected, and the
contact between the angles and the base started in the line of the bolts. From the residual
deformation in the angles shown in Figure 3.27 it is clear that the edge of the angles did
not lift, thus the welding fulfilled its purpose.
The hysteretic response diagram is shown in Figure 3.28. The cyclic behaviour was
as desired once the stiffness problem recorded in the first three specimen was solved by
the use of the welding. The maximum displacement was 20 mm. Observing the response
diagram it is clear that for 25 mm displacement, failure had already been achieved. From
Figure 3.29 it is also possible to see the rupture in the plastic hinge below the bolts of the
horizontal leg, being the same in both angles. This specimen was the one that achieved
the smallest maximum displacement, this fact is assigned to the welding, that restrains
not only the vertical displacements, but also the horizontal displacements, increasing the
tension in the horizontal legs. In the previous tests, the horizontal displacements were a
function of friction, the tolerances of the bolt holes and the stiffness of the bolts, resulting
in some small horizontal displacements.
Specimen A4 was considered a good solution and was applied in a hybrid rocking
wall system that is described in Chapter 4. After this test it was decided that a solution
without any welding should be considered, thus a second alignment of bolts was introduced
in specimen A5 to substitute the welding. In construction it is recommended that only
bolted solutions are used on site to facilitate the assembly and guarantee the quality of
the execution.
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Figure 3.26: Picture of deformed specimen A4.
Figure 3.27: Plastic deformation of specimen A4.
200
150
100
50
0
0
-200
-150
-100
-50F
or
ce
(k
N
)
Displacement (mm)
5 10 15 20 25 30
Figure 3.28: Hysteretic response diagram of specimen A4 cyclic test.
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Figure 3.29: Picture of cracking in specimen A4.
3.2.5.5 Specimen A5
To avoid the lifting up of the edges of the horizontal legs without welding, it was decided
to use two lines of bolts. For that reason, a larger angle (L200x200x16) had to be used in
specimen A5.
The deformed shape of specimen A5 test is shown in Figures 3.30 and 3.31. The
deformation pattern was similar to the one of specimen A4, with the plastic hinges of the
horizontal legs located along line of the bolts. From the residual deformation in the angles
shown in Figure 3.32 it is clear that the edge of the angles did not lift, thus the second
line of bolts fulfilled its purpose.
The displacements of the hysteretic response diagram (Figure 3.34) were measured
between the vertical legs and the base, using transducers D2 and D5 instead of D1 and
D6, due to a problem in last cycles when the transducer D6 suffered an unexpected rotation
(Figure 3.10b). These two transducers were located in the second line of bolts and the
displacements measured are similar to transducers D1 and D6 until the moment when D6
rotated. The cyclic behaviour was the desired one as the stiffness problem observed in
the first three specimens was solved by the use of the second line of bolts. The achieved
displacement was 30 mm and observing the response diagram it is not possible to see any
evidence of failure. However, in Figure 3.33 it is possible to see cracks in a plastic hinge
located near the fillet of the angle, meaning that this specimen was close to failure.
The results of specimen A5 are considered as good and this solution was used in a
hybrid rocking wall system that is described in Chapter 4. This solution was the final and
recommended solution for the angles as energy dissipaters for cyclic action.
61
Chapter 3. Steel angles as energy dissipation devices
Figure 3.30: Picture of general deformation of specimen A5.
Figure 3.31: Picture of deformed specimen A5.
Figure 3.32: Plastic residual deformation of specimen A5.
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Figure 3.33: Picture of cracking in specimen A5.
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Figure 3.34: Hysteretic response diagram of specimen A5 cyclic test.
3.3 Numerical models
To help and support the experimental optimisation process described in Section 3.2, finite
element models were used. A parametric study to produce force-displacement diagrams
for other cases was also made. The finite element program Adina (Bathe, 2010) was used
for the modelling.
The two final solutions of the experimental specimens, specimens A4 and A5, were
used to calibrate the numerical modelling. These two specimens had respectively, welding
along the edges of the horizontal legs and an additional line of bolts in each horizontal leg.
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The numerical results presented in this section are the result of several model iterations
and simplifications. The first simplification introduced was the development of 2D models
instead of 3D. The 3D model would have been more precise, and an initial attempt at
3D modelling was made. This option was dropped because of the aim of developing a
parametric study, which would have been a much harder task, due to the corresponding
huge increase in computational effort.
With reference to the 2D model, simplifications were made and some alternative models
were studied. The bolts were modelled only in the horizontal legs, but models with bolts
in the vertical legs with prestress were also considered leading to the conclusion that
restraining the horizontal displacements was a simplification with minor influence in the
angles final response. To apply prestress in the bolts of the horizontal legs, linear elements
with pipe sections were used to model the bolt bodies and 2D solid elements to model the
bolt heads. Standard washers were not modelled in the final solutions, but were tested.
The option for not modelling the standard washer was due to two reasons: the post-yield
response changed with the inclusion of the standard washer, but not significantly and the
steel characteristics of the standard washer were not experimentally obtained.
The mesh was also analysed. The 2D models did not present computational problems,
the monotonic models took around fifteen minutes to run, so the meshes used had relatively
large areas with small elements and there was no need for a more refined optimisation.
The fillet was the region where the mesh raised more doubts and more variations were
made to get confidence in the final results. To have confidence in the modelled fillet, a
model where the mesh in the corner was generated all at once, including the fillet, was
made, and the results were not influenced by that.
3.3.1 Modelling of the specimens
The modelling of specimens A4 and A5 was made with cyclic and monotonic actions.
The cyclic action had the intention of reproducing the experimental tests. The monotonic
action was applied to obtain a force-displacement diagram, to estimate maximum forces
and to calibrate the models in order to do the parametric study presented in Section 3.3.2.
The dimensions of the modelled specimens are presented in Figure 3.35. The angles
had already been described in Section 3.2.1, but in the parametric study the distance g,
between the centre of the bolt in the horizontal leg and the face of the vertical leg as well
as the angle thickness t, were variable. In the case of the tested specimens, the distance g
was 80 mm for specimen A4 and 89 mm for specimen A5.
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Figure 3.35: Dimensions of the angles used for modelling.
3.3.1.1 Specimen A4
The 2D mesh of specimen A4 is shown in Figure 3.36. Two symmetry simplifications
were used: one in the middle plan between angles and the other in the middle plan of the
angles, resulting in the model of only half an angle. The modelled angle had two bolts
in the vertical leg and one bolt in the horizontal leg and a weld along the edge of the
horizontal leg.
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Figure 3.36: Adina mesh for the L150x150x15 A4 tested specimen
(different colours correspond to different finite elements).
The steel angle was modelled with 2D solid elements, having a 625 mm width. In the
horizontal leg, the 22 mm diameter M20 bolt hole was modelled through the variation of
the 2D solid elements width. The hole was modelled using 8 different widths, in a total
of 64 solid elements. The angle was modelled with 633 elements, using 9 nodes 2D solid
elements and a stress-strain relation made to fit the experimental tests results as can be
seen in Figure 3.37.
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In some particular regions, namely below the left corner of the bolt head and in the
angle fillet the strain was allowed to go beyond the limit shown in the diagram. This
solution was needed to solve numerical problems due to stress concentrations.
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Figure 3.37: Stress vs strain relation of steel used in Adina for specimen A4.
The bolt in the horizontal leg of the angle was modelled with two different solutions
for the head and for the body. To model the bolt head, 60 2D solid elements of 9 nodes
were used with 30.0 mm width. The bolt body was modelled using a solid pipe section
element with 17.7 mm diameter and 30 mm length, corresponding to the thickness of the
angle plus the base steel plate. The head and the bolt body were connected by rigid links
between the top of the bolt body and the base of the bolt head. For the bolt, an elastic
stress-strain relation was used considering an elastic modulus of 210 GPa. A prestress
force of 140 kN was applied to the body of the bolt.
The boundary conditions of the angles were the bolts in the horizontal and vertical legs,
the welding along the edge of the horizontal leg, the base in contact with the horizontal
leg and the vertical steel plate in contact with the vertical leg.
The bolt in the horizontal leg was modelled as described due to its importance in the
stiffness of the angle. The bolts in the vertical leg were simulated by blocking the horizontal
displacements. Some changes were made to evaluate the importance of modelling these
bolts in the vertical leg and the conclusion was that blocking the horizontal displacements
was good enough. The welding was modelled by blocking all the possible movements of
the edge of the horizontal leg.
The base plate below the angle and the vertical steel plate were modelled with 2D solid
elements which were fixed.
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Contact surfaces and contact pairs were introduced to only allow compression between
the angle and the other parts. Three contact pairs were defined: one between the angle
and the bolt head, another between the angle and the base plate and a third one between
the angle and the vertical steel plate. The Coulomb friction coefficient between surfaces
was considered as 0.2.
Two different actions were applied: one cyclic to compare directly with the experi-
mental tests and one monotonic to provide an upper boundary of the load for a given
displacement. The cyclic action was similar to the one shown in Figure 3.11b, with the
adjustments needed to have the same displacements as the experimental tests.
The actions were displacements imposed to a point connected with rigid links to the
top of the vertical leg of the angle.
The global response of the numerical model of specimen A4 is shown in Figures 3.38 and
3.39, where the force-displacement can be seen respectively for the cyclic and monotonic
actions. The cyclic behaviour is generally good, with the exception of at the end of the
unloading/compression part, where the numerical model is more rigid, and in the reloading,
where the model is not able to exhibit with much precision the stiffness degradation from
cycle to cycle as can be seen in the experimental test. The monotonic response presents a
good agreement with the maximum force values obtained in the experimental cyclic test.
It has to be highlighted that the rupture displacement of 22 mm reached is an estimation
and is sensitive to the chosen mesh. It is also true that the rupture in the cyclic action
is different than in the monotonic action and the load path is important to evaluate the
correct rupture point.
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Figure 3.38: Numerical cyclic response for specimen A4.
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Figure 3.39: Numerical monotonic response for specimen A4.
The distribution of normal stresses in the horizontal and vertical directions are pre-
sented respectively in Figures 3.40a and 3.40b for the maximum displacement, one step
before the beginning of rupture. In these figures the four regions where the plastic stresses
emerge and where rupture may occur, depending on the relative dimensions of the angle
can be easily seen. The shear stresses are not shown as they do not affect the failure and
are taken into account in the effective stresses.
y
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(a) Normal stresses in yy direction.
y
z
(b) Normal stresses in zz direction.
Figure 3.40: Numerical stresses, in MPa, for horizontal (yy) and vertical (zz) directions for
specimen A4 at maximum displacement.
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Figures 3.41a and 3.41b show the effective stresses, obtained according to von Mises
yield criteria, one step before the rupture and where an element reaches its maximum
strain. The rupture occurs when the strain limit, defined in Figure 3.37, is reached. In
this model, the rupture starts simultaneously below the bolt and near the corner of the
angle in the horizontal leg, as can be seen inside the two black circles drawn in Figure
3.41b, for a displacement of 22 mm. In the particular case of specimen A4, the rupture
occurred below the bolts in the horizontal leg, as can be seen in Figure 3.29.
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(a) Effective stresses at maximum displace-
ment.
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z
(b) Effective stresses after failure.
Figure 3.41: Effective stresses, in MPa, for specimen A4.
3.3.1.2 Specimen A5
The 2D mesh used for specimen A5 is shown in Figure 3.42. The steel angle was modelled
with 2D solid elements with a width of 625 mm. In the horizontal leg, the M20 bolt hole of
22 mm diameter was modelled through the variation of the 2D solid element width. Each
hole was modelled using 8 different widths, in a total of 64 solid elements. The angle was
modelled with 757 elements, using 9 nodes 2D solid elements and a stress-strain relation
made to fit the experimental tests results as can be seen in Figure 3.43.
The bolts were modelled as for specimen A4. The prestress in both bolts of the
horizontal leg contribute to mobilise the friction between the angle and the base plate.
The bolts in the vertical leg were simulated by blocking the horizontal displacement for
the same reasons as in specimen A4.
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Figure 3.42: Adina mesh for the L200x200x16 A5 tested specimen
(different colours correspond to different finite elements).
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Figure 3.43: Stress vs strain relation of steel used in Adina for specimen A5.
The boundary conditions as well as the actions, were similar to specimen A4. The
exception was the vertical steel plate, that in this specimen was modelled to follow the
displacements of the vertical leg. This improvement did not have influence in the final
result, was made during a search for a more precise model.
The results of the numerical model of specimen A5 are shown in Figures 3.44 and 3.45,
where the force-displacement plot can be seen respectively for the cyclic and monotonic
actions. The comparison of the numerical results with the experimental ones shows the
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same problems as for the specimen A4, described in Section 3.3.1.1. Figure 3.45 shows
that the response of the numerical model is less stiff than the response of the experimental
specimen, with the force always being lower for the same displacement. This difference
can be due to the simplifications used in the numerical model and/or due to the assembly
process of the angles tests, that introduced prestress in the angles due to imperfections in
the specimens.
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Figure 3.44: Numerical cyclic response for specimen A5.
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Figure 3.45: Numerical monotonic response for specimen A5.
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The distribution of normal stresses in the horizontal and vertical directions are pre-
sented respectively in Figures 3.46a and 3.46b for the maximum displacement one step
before the beginning of rupture. In these two figures the four regions where the plastic
stresses emerge, and where it is possible the failure to occur, may be seen.
y
z
(a) Normal stresses in yy direction.
y
z
(b) Normal stresses in zz direction.
Figure 3.46: Numerical stresses, in MPa, for horizontal (yy) and vertical (zz) directions for
specimen A5 at maximum displacement.
Figure 3.47a shows the effective stresses at the step just before the rupture. Figure
3.47b shows the step corresponding to the rupture. The first element that reaches its
maximum strain is deleted from the model. The ruptures occurs when the strain limit,
defined in Figure 3.43, is reached. In this model, the rupture starts below the bolt in
the horizontal leg, as can be seen inside the black circle drawn in Figure 3.47b, for a
displacement of 24 mm. In the experimental test of specimen A5, the rupture did not
occur, but cracks near the corner in the horizontal leg started to open, as is shown in
Figure 3.33.
3.3.2 Parametric study
The parametric study aimed to obtain force-displacement diagrams for other dimensions
of steel angles. A first design solution for the parametric study was the one of specimen
A4 because a smaller angle can be used, having a guaranteed good cyclic behaviour by
adding a weld along the edge of the leg attached to the base. A second design solution was
the one of specimen A5, in order to avoid the use of welding on the construction site, two
lines of bolts were used in the horizontal leg. Both design solutions should have a similar
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(a) Effective stresses at maximum displacement.
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z
(b) Effective stresses after failure.
Figure 3.47: Effective stresses, in MPa, for specimen A5.
response. These two design solutions correspond to specimens A4 and A5, being the base
numerical model as described in Sections 3.3.1.1 and 3.3.1.2. With the variations in the
dimensions some adaptations were made in the number of elements used.
In this study two parameters have been changed: the thickness t and the position g
of the bolts in the horizontal leg, as defined in Figures 3.35a and 3.35b. The thicknesses
used were 5 mm, 10 mm, 15 mm and 20 mm and the distances g were 60 mm, 70 mm,
80 mm, 90 mm and 100 mm. The steel used was always the same as for specimen A4 and
its stress-strain diagram is shown in Figure 3.37.
3.3.2.1 Design solution 1 - welded angle
The numerical model used for this design solution is shown in Figure 3.36. The parametric
results are presented in Figures 3.48 and 3.49. For different thicknesses, the scales of the
graphs are different because the response forces and displacements showed considerable
variations. As referred to above, the displacements corresponding to the failure of the
numerical models depend on the mesh used and it cannot be extrapolated to the cyclic
actions. Thus the maximum displacement obtained in the models should be seen as an
estimation. From the results it can be said that an increase in the thickness of the steel
angle has two consequences: an increase in the force and a reduction of the maximum
displacement corresponding to failure. The distance g can be associated with the lever
arm between the two plastic hinges in the horizontal leg of the steel angles and with
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the resulting inclination of the horizontal leg, between plastic hinges. It can be observed
that increasing g leads to lower steel angle forces and higher maximum displacements,
corresponding to failure.
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Figure 3.48: Design solution 1 - parametric study for welded solution with 5 mm and 10 mm
thickness.
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Figure 3.49: Design solution 1 - parametric study for welded solution with 15 mm and 20 mm
thickness.
3.3.2.2 Design solution 2 - two lines of bolts
The numerical model used in the design solution 2 is shown in Figure 3.42. The parametric
results are presented in Figures 3.50 and 3.51. From these results, the conclusions are
identical to design solution 1.
Comparing the two design solutions, the responses were similar, having small variations
without any apparent trends.
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Figure 3.50: Design solution 2 - parametric study for the two lines of bolts solution with 5 mm
and 10 mm thickness.
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Figure 3.51: Design solution 2 - parametric study for the two lines of bolts solution with 15 mm
and 20 mm thickness.
3.4 Analytical methodology
An analytical method was developed to estimate the response of the angles in the elastic
and plastic range. The experimental tests and the numerical analysis showed that four
plastic hinges can be formed in sections A, B, C and D as shown in Figure 3.52. Plastic
hinges in sections A and B are formed first, followed by the plastic hinge in section C. The
plastic hinge in section D may or may not occur for higher displacements.
Sections A and D are not in the centre of the bolt holes, as is shown in Figure 3.29.
For calculation purpose it will be assumed that the plastic hinge is formed at 1
3
.d0 from
the bolt holes centre, d0 being the respective bolt hole diameter. The position of sections
B and C are aligned with either side of the fillet.
The distances between plastic hinges, lAB and lCD, in Figure 3.52 are considered to
be given by the expression 3.1 and 3.2.
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C
D
R
a
lAB
l C
D
g
g 1
Figure 3.52: Possible plastic hinges in the angles and distances to bolt holes.
lAB = g −Ra −
d0
3
(3.1)
lCD = g1 −Ra −
d0
3
(3.2)
where,
lAB is the distance between the plastic hinges of sections A and B;
lCD is the distance between the plastic hinges of sections C and D;
Ra is the angle fillet radius;
d0 is the bolt hole diameter;
g is the distance between the inner face of the vertical leg and the centre of the bolts holes
in the horizontal leg;
g1 is the distance between the upper face of the horizontal leg and the centre of the bolts
holes in the vertical leg.
- Elastic range
The elastic behaviour of the steel angles goes from the initial load until the first yield
strain is reached. It will be assumed that the sections A and B reach the yield strain
simultaneously. Based on this assumption, equation 3.3, to estimate the steel angle yielding
force Fy, can be written. The yielding of sections A and B occur for a bending moment My
given by the equation 3.4, assuming pure bending acting in the section with the maximum
strain equal to the yield strain εy. To estimate the displacement in the elastic range the
equation 3.5 is used. The displacement is calculated considering the shear and bending
deformation of the horizontal leg between points A and B. An eventual rotation in point
A and the axial deformation of the vertical leg are not considered.
Fy =
2My
lAB
(3.3)
76
3.4 Analytical methodology
My =
fybt
2
6
(3.4)
del =
F.lAB
GAv
+
(2MA −MB).lAB2
6EI
(3.5)
where,
F is the steel angle force;
Fy is the steel angle yielding force;
MA is the bending moment in section A;
MB is the bending moment in section B;
del is the angle elastic displacement;
b is the steel angle length;
t is the steel angle thickness;
G is the shear modulus;
Av is the shear area;
Es is the steel modulus of elasticity;
I is the second moment of area.
- Post-yield range
The estimation of the post-yield response of the angle is obtained by considering the
physical and geometrical nonlinearity. The method that will be presented had as a starting
point Garlock et al. (2003). A deformed representation of the angle is shown in figure 3.53
considering fixed ends for the horizontal and vertical legs in the bolts closer to the fillet.
The fixation forces and the displacements involved are also represented in the axis of the
angle. The horizontal displacement dH will be considered zero, a simplification that is
supported by the tests, as can be seen by the deformed positions of the angles in Figures
3.15, 3.18, 3.22, 3.26 and 3.31.
MA F (d)
F (d)
FH
FH
d
dH
MD
Θ
Figure 3.53: Deformed angle and fixation forces.
The basic expression used to estimate the angle force in the post-yield range is similar
to the one for the elastic range, but using some corrections. Expression 3.6 gives the angle
77
Chapter 3. Steel angles as energy dissipation devices
force with a correction for the material hardening. This expression calculates the force
assuming that the bending moments in sections A and B are equal and are given by the
expression 3.7 and has taken into account the material hardening factor, k, given by the
expression 3.8. The bending moment is calculated as a function of the yield strain position,
c, and results from the equilibrium of the section, as represented in Figure 3.54. To obtain
the bending moment no material hardening is considered. The maximum stress needed
to calculate k is obtained using the maximum strain in the section and the stress-strain
relation of the steel under study.
Fmh =
2M(c)
lAB
k (3.6)
M(c) = fyb
[
c(t − c) + (t− 2c)
2
6
]
(3.7)
k =
σ(εmax)
fy
(3.8)
where,
Fmh is the angle force including material hardening;
M(c) is the bending moment after the yield point;
c is the distance between the yield strain and the maximum strain in the section (see
Figure 3.54);
k is the material hardening factor;
σ(εmax) is the stress at the fibre with the maximum strain;
fy is the steel yield strength;
εy is the steel yield strain.
t
b
ε
εmax
εy
c
σ
fy
M(c)φ
Figure 3.54: Section strains and stresses diagrams.
The geometrically nonlinear behaviour is considered by adding the bending moment
applied by the horizontal force FH in the deformed position represented in the Figure
3.55. The total force is given by expression 3.9, where Fgeom is obtained by imposing
equilibrium with expression 3.10. The horizontal force FH in the angle can be calculated
with the equation 3.11. The equation is the result of equilibrium in the segment CD,
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considering that the horizontal displacement between sections C and D do not influence
the equilibrium results. Figure 3.55 shows the fixation forces that were considered for the
equation. The bending moments in sections C and D are a.MP , being a a number smaller
than two, that is the same as saying that the maximum horizontal force FH is when both
sections, C and D reach the plastic bending moment MP . Using the experimental results,
a should be a number between one and two as the plastic hinge in section C was always
present.
This equation was obtained by imposing equilibrium on the free body diagram of the
segment AB shown in Figure 3.55
F (d) = Fmh + Fgeom (3.9)
Fgeom =
FH .d
lAB
(3.10)
FH =
a.MP
lCD
, a ≤ 2 (3.11)
where,
Fgeom is the geometrically nonlinear angle force;
F (d) is the total angle force;
d is the angle displacement;
MP is the plastic bending moment;
FH is the horizontal force in the angle vertical leg;
a is a constant smaller than 2.
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d
lAB
l C
DΘ
Figure 3.55: Fixation forces in distances AB and CD.
The displacements in the angle are estimated by considering the elastic and plastic
contribution of the horizontal leg. The elastic displacement can be calculated using the
expression 3.5, being the plastic contribution obtained by considering the rotation of the
plastic hinges in section A and B. The total displacement is given by the expression 3.12,
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where Θ is the rotation of the plastic hinges obtained by the expression 3.13. To calculate
the plastic hinge rotation, the section curvature and the plastic hinge length are needed.
The section curvature can be seen in Figure 3.54 and the respective analytic expression is
3.14. The plastic hinge length is a difficult parameter to define. After the plastic hinge is
completely formed a length equal to the thickness can generally be assumed to be a good
approximation.
It should be highlighted that the elastic displacement depends on the force. However,
the force, due to the geometrically nonlinear behaviour, depends on the displacement.
This leads to an iterative procedure to obtain the force and the displacement. As a
simplification, the elastic displacement can be calculated using only the Fmh force, the
Fgeom being obtained from the resulting displacement. As the geometrically nonlinear
force involves large displacements and in this case, the rotation of the plastic hinges
contributes to the main part of the displacement, this simplification is considered to be
satisfactory in most cases.
d = del + Θ.lAB (3.12)
Θ = φ.lp (3.13)
φ =
2εy
t− 2c (3.14)
where,
Θ is the angle horizontal leg rotation;
φ is the section curvature;
lp is the plastic hinge length.
As an alternative to the formulation above, after the formation of the two plastic
hinges in the horizontal leg equation 3.15 can also be used to estimate the force F (d).
This equation was obtained by imposing equilibrium on the free body diagram of the
segment AB shown in Figure 3.55. This is useful as it allows the calculation of the force
directly from a given displacement.
F (d) =
2MP .k + FH .d
lAB
(3.15)
- Application of the analytical method
To evaluate the validity of the analytical method presented herein, the expressions were
used to estimate the response of specimens A4 and A5. The final results are presented in
Figures 3.56 and 3.57. The stress-strain relation used for each specimen were presented
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respectively in Figures 3.37 and 3.43. This constitutive relations were needed for the fy
and k determination. After the calculation of the yield point, using expression 3.3, the
force was controlled by the c in equation 3.7. Due to the difficulty in obtaining the gradual
formation of the plastic hinge with the spread of the plastic strains, the first c used was
c = t/4 and an estimated plastic hinge length of lP = t was considered. To estimate the
displacement in the plastic range, the elastic displacement portion was calculated using
only the Fmh portion of the force.
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Figure 3.56: Analytical response of specimen A4.
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Figure 3.57: Analytical response of specimen A5.
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The results are presented for a=1.0 and a=2.0 in the equation 3.11, that are considered
to be the minimum and maximum values that the parameter can be considered to be. The
results show a good agreement with the experimental tests, especially when a=2.0 for large
displacements. This means that the four possible plastic hinges referred to in Figure 3.52
are formed. At the point corresponding to the elastic range limit, using equation 3.3, the
force is equal to 51 kN in specimen A4 and 52 kN in specimen A5, the point after which
the stiffness gradually decreases. The range of displacements where the good agreement
is not so accentuated is after the curve corresponding to the reduction in stiffness.
3.5 Conclusions
In this chapter, the development of steel angles to work as energy dissipaters was studied.
Two types of design solutions achieved the desired behaviour, presenting stable cycles with
energy dissipation capacity during cyclic actions. The control of the prying action was
the main problem and was overcome in these two design solutions by using a weld along
the edge of the steel angle and by using a second line of bolts. The first solution allowed
the use of a smaller angle while the second is a more flexible design solution to facilitate
assembly on construction sites and more ductile. To support the experimental work, a
numerical analysis was also developed. The numerical analysis was carried out to model
the specimens tested, helping with the understanding of their response and to carry out a
parametric study on steel angles with other dimensions. Finally, an analytical model was
presented, showing good agreement with the experimental tests, creating the possibility of
obtaining an estimation of the nonlinear response of a steel angle using simple equations.
The two solutions that responded with the desired behaviour were designed for the
same force. The solution with the welding along the edge had a thickness of 15 mm while
the solution with a second line of bolts a thickness of 16 mm. To have similar responses, the
thicker angle was designed with smaller gage lengths (the distance between the bolt in the
horizontal leg and the heel of the angle). These differences resulted in different maximum
displacements. The solution with the welding along the edge reached a displacement of
20 mm while the solution with the second line of bolts reached 30 mm. The welding could
also influence the rupture point of the angles, as it has the disadvantage of restraining not
only the vertical displacement to the base, but also the horizontal displacements, resulting
in higher tensions in the legs. From the tests carried out it should be mentioned that both
solutions achieved a similar and good cyclic behaviour, but the maximum displacement is
quite different between solutions.
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4.1 Introduction
The main subject of this research is the behaviour of post-tensioned rocking wall systems
under cyclic actions. These structural systems are designed to have a recentring behaviour,
resulting in negligible residual displacements. Post-tensioned rocking walls should have
an elastic response without residual displacements. When energy dissipation is added to
the system it becomes hybrid. In hybrid systems residual displacements can be expected,
depending on the balance between the post-tensioning and the energy dissipaters bending
moments, but should be negligible.
The experimental testes were carried out in the DEC/FCT/UNL structural laboratory.
To evaluate the experimental difficulties and optimise the experimental setup, three post-
tensioned rocking walls were tested. After these preliminary tests, two rocking wall hybrid
systems were tested using two different steel angle solutions as energy dissipation devices.
The development of these steel angle solutions is described in Chapter 3. Finally, a post-
tensioned rocking wall was tested using the same precast wall used in the second test on
hybrid systems in order to compare the behaviour and results with and without energy
dissipaters. This final test was made because the walls tested with energy dissipaters were
different from the three previously tested as this last one had stiffening plates on the edges.
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4.2 Description of experimental testing
4.2.1 Tests setup
The testing setup is shown in Figure 4.1 and was similar for all the walls. This figure
corresponds to specimen RM1.
The base, below the wall, was a rigid reinforced concrete foundation horizontally fixed
to the reaction wall by two post-tensioned bars and vertically fixed to the floor by four
post-tensioned bars. Two reinforced concrete bases were constructed. One was used for
the fist four tests, whilst the other base was used in the final two tests.
The rocking walls were all post-tensioned to the base by two unbonded strands, which
allowed the lifting of the wall with the respective stretching of the strands. In specimens
RM4 and RM5 the wall was also connected to the base with two steel angles, that were
designed to yield. In the first specimen, two displacement blockers were used with no
additional material between the wall and the base, in all other specimens the displacement
blockers were excluded and grout was used to adjust the wall to the base. For the final
two tests, a bracing system was implemented, to keep the wall vertical.
Actuator
Base
Displacement blocker
Reaction wall
Load cell
Load cell
Prestress strandsWall specimen
Strong floor
Steel profile
2 post-tensioned bars
Mechanical prestressing system
N S
Figure 4.1: Side view of the rocking wall tests setup.
The application of the vertical post-tensioning forces was made using a mechanical
prestressing system designed in the FCT/UNL. This system has two steel plates that are
separated by screwing the three bolts in the top plate against the bottom plate, being the
strand anchored over the top plate. The bottom end of strands was the passive end. In
order to assemble and position the anchorage, an opening was made in the base.
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The wall specimens were horizontally pushed and pulled against a 2.70 m high reaction
wall. The actuator was positioned at a height of 2.20 m, resulting in a 1.70 m lever
arm, taking into account the 0.50 m foundation. These values are approximations, more
accurate measurements will be presented for each test.
4.2.2 Conventions
The positioning terminology is based on the cardinal compass points of the laboratory
and is shown in Figure 4.2. The actuator is aligned in a north-south direction and it
was considered that the pushing action was a negative force whilst the pulling action
was positive. The counterclockwise rotation about the vertical wall axis was considered
positive and these conventions were followed for all forces, displacements and drifts.
Plan view
Side elevation
NorthNorth SouthSouth
East
West
Top
Bottom
Figure 4.2: Positioning terminology and conventions.
4.3 Preliminary tests on post-tensioned rocking walls
4.3.1 Introduction
The rocking walls experimental program started with three preliminary tests with the aim
of gaining knowledge and detecting problems associated with this type of tests. The wall
specimens were designated RM1, RM2 and RM3. The second specimen (RM2) was made
using the inverted RM1 wall. The walls were designed to rock on the base foundation,
concentrating the nonlinear behaviour on that connection. The connection to the foun-
dation was made using two post-tensioned strands, strand N and strand S. The first two
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tests were post-tensioned with reduced energy dissipation and the third test was designed
to have some energy dissipation by the addition of a new material (epoxy resin and cork)
to the northern and southern edges of the horizontal connection.
4.3.2 Specimens
4.3.2.1 Specimen RM1
The first test setup is shown in Figure 4.3. In this test, the wall was placed on top of the
foundation without any type of mortar or mechanical connection. An attempt to plane the
connecting surfaces of the wall and base, with an angle grinder, was not very successful.
This resulted in the wall having a slight inclination in the east-west direction.
In this test procedure the actuator was connected to the wall before applying the
post-tensioning. This option was not repeated in the following tests because it led to the
introduction of small horizontal forces in the specimen.
4.3.2.2 Specimen RM2
The second test setup is shown in Figure 4.4. After the first test some doubts remained
about the effectiveness of the contact between the surfaces of wall and foundation. To
overcome this problem, grout was applied between the wall and the foundation. In this
specimen, the displacement blockers that had been used on northern and southern sides of
the wall were not used. In the first test no visible sliding was noticed and the displacement
blockers had the disadvantage of preventing a good assessment of the cracked and spalled
concrete cover in those zones. Moreover, the spalled concrete tended to fill the space
between the displacement blockers and the wall, creating an eventual additional restriction
to the wall rotation.
Before positioning the wall, self-levelling-grout was applied to the foundation, then the
wall was lowered into the grout and the vertical and horizontal alignments were verified.
Spacers were used between the wall and the base to guarantee that the wall surface was
totally supported by grout without touching the base.
4.3.2.3 Specimen RM3
The third test setup is shown in Figure 4.5. This was similar to the specimen RM2 setup,
the only difference being the incorporation of wedges made of resin and cork, at the ends
of the connecting surface between the wall and the foundation. These wedges were glued
to the wall using the S&P resin 220 epoxy adhesive. This new material was developed by
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Figure 4.3: Western and plan views of wall specimen RM1 test setup.
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Figure 4.4: Western and plan views of wall specimen RM2 test setup.
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another research study at the Civil Engineering Department (Alves (2010), Martins (2010)
and Sousa (2010)). This material behaved well under cyclic actions achieving high stresses
and deformations in the plastic range with small residual deformation after unloading.
The wall positioning was made using the same procedure as for specimen RM2.
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Figure 4.5: Western and plan views of wall specimen RM3 test setup.
4.3.3 Details of specimens
Two reinforced concrete walls and one base were made for the preliminary tests. The
reinforced concrete wall used in specimens RM1 and RM2 is detailed in Figure 4.6. The
longitudinal reinforcement bars were 8 mm diameter and the transversal bars 6 mm diam-
eter. The transverse reinforcement had 0.10 m spacing in the mid zone and 0.05 m spacing
near the top and bottom. The corners of the wall were the zones with the higher density
of transverse reinforcement for confinement. The materials used were A500NR steel grade
for the bars and C30/37 concrete, with the steel bars having 0.01 m of cover.
The reinforced concrete wall used in specimen RM3 is detailed in Figure 4.7. This wall
was chamfered in the bottom corners to accommodate the resin and cork wedges. The
steel details were very similar to those of the wall used in specimens RM1 and RM2. The
materials specified were the same as for specimens RM1 and RM2.
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Figure 4.6: Reinforcement details of specimens RM1 and RM2 wall.
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Figure 4.7: Reinforcement details of the specimen RM3 wall.
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The reinforced concrete base used in the three preliminary tests and in the fourth test
is detailed in Figure 4.8. This block had a 0.5x0.5 m2 cross section for a 2.0 m span
between steel spreader beams. The main longitudinal reinforcement were 6φ25 in the
top and bottom of the beam and the transverse reinforcement was four leg stirrups of
φ8//0.075. To materialise the opening that allowed the access the bottom anchorages,
the bottom longitudinal reinforcement had a length of 0.45 m without being embedded by
concrete. Two circular ducts were included in the concrete to accommodate the vertical
prestress strands. A steel cage made of φ8 bars was used in the zone below the wall-base
connection for confinement.
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Figure 4.8: Reinforcement details of base used for specimens RM1 to RM4.
4.3.4 Monitoring equipment
4.3.4.1 Specimen RM1
The monitoring of specimen RM1 consisted on recording forces and displacements through-
out the test. The forces that were monitored were the horizontal force applied by the
actuator and the two vertical strands forces. Load cells with 500 kN and 300 kN measur-
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ing capacity were used for the horizontal (actuator) and vertical (post-tensioned strands)
forces. Twelve displacement transducers were used to monitor displacements, six for hor-
izontal displacements and six for vertical displacements. The displacement transducers
locations are shown in Figure 4.9 and the vertical distance of each transducer to the base
is in Table 4.1. The vertical displacement transducers were positioned near the base of
the wall and the horizontal displacement transducers along the height. Only the western
side of the wall was monitored by displacement transducers due to malfunctions in some
of the electric connections. As a result the displacement transducers D2, D4, D6 and D11,
that were placed on the eastern face of the wall, were not used.
0.245 0.555
0.412 0.389
0.546 0.254
D1
D15
D14
D13
D10
D9
D5D3
D12
D7
D8
D16
Figure 4.9: Western view of the specimen RM1 displacement transducers.
4.3.4.2 Specimen RM2
The monitoring of specimen RM2 was similar to that in specimen RM1. To monitor dis-
placements, fifteen displacement transducers were used, eight for horizontal displacements
and seven for vertical displacements. The problem with the electrical connections that had
affected specimen RM1 monitoring was solved and both sides of the wall were monitored.
A scheme for each side of the wall is presented in Figure 4.10. The vertical distance of
each transducer to the base is in Table 4.2. The wall was supported by the grout and was
approximately 10 mm above the base.
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Table 4.1: Vertical position of the specimen RM1 displacement transducers.
Transducer Height Transducer Height Transducer Height Transducer Height
(m) (m) (m) (m)
D1 0.047 D5 0.045 D9 0.090 D13 0.130
D2 - D6 - D10 0.155 D14 0.750
D3 0.045 D7 0.080 D11 - D15 1.530
D4 - D8 0.150 D12 0.140 D16 1.680
D16
D8
D7
D12
D3 D5
D9
D10
D13
D14
D15
D1
0.255
0.397
0.558 0.242
0.404
0.545
(a) Western side view.
D16
D8
D7D9
D10
D12D13
D14
D4D6
D15
D2
0.240
0.400
0.5500.250
0.400
0.560
(b) Eastern side view.
Figure 4.10: Locations of the specimen RM2 displacement transducers.
Table 4.2: Vertical position of the specimen RM2 displacement transducers.
Transducer Height Transducer Height Transducer Height Transducer Height
(m) (m) (m) (m)
D1 0.058 D5 0.058 D9 0.092 D13 0.143
D2 0.072 D6 0.052 D10 0.162 D14 0.765
D3 0.050 D7 0.084 D11 - D15 1.565
D4 0.050 D8 0.152 D12 0.133 D16 1.685
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4.3.4.3 Specimen RM3
The monitoring of specimen RM3 was similar in terms of forces and displacements to
that used in specimen RM2, but in this specimen strain gauges were also added to the
reinforcing steel bars near the bottom of the wall. The displacement transducers positions
are shown in Figure 4.11. The vertical distance of each transducer to the base is in
Table 4.3. As in specimen RM2, the wall was approximately 10 mm above the base. The
position of the strain gauges used in the transversal confining reinforcing steel bars are
shown in Figure 4.12.
4.3.5 Loading protocol
The loading protocol used to test the wall specimens consisted on applying three cycles for
each target drift until a maximum 2% drift ratio, as shown in Figure 4.13. The target drift
ratio for each set of cycles was 0.25%, 0.50%, 0.75%, 1.00%, 1.50% and 2.00% respectively.
In the case of specimens RM2 and RM3, the cycles with 0.75% target drift were not
considered. These preliminary tests were prestressed only and had no west-east direction
side bracing, thus one of the limitations for the maximum displacement was safety issues
due to stability of the wall when reaching a drift ratio of 2.00%.
4.3.6 Materials
Five different materials were used: concrete, ordinary reinforcing steel, prestressing steel,
a resin and cork mixture and grout. To characterise the concrete 150x150x150 mm3 cubes
were made for compression tests, according to EN 12390-1 (2000). To characterise the
resin and cork and the grout 40x40x160 mm3 prism specimens were made for bending and
compression tests.
These tests were performed according to EN 12390-3 (2001), except that the applica-
tion of loading was done under displacement control condition with a displacement speed
of 0,02 mm/s until failure.
4.3.6.1 Concrete
The two walls and the base were made in two different casts. The specimens were cast at
the precast company Concremat - Prefabricação e Obras Gerais, S.A. In both casts, con-
crete cubes were produced. Using the results from the compression cube tests performed
according to EN 12390-3 (2001), an estimation of the strength in cylinders was made using
the coefficient 0.8.
93
Chapter 4. Post-Tensioned Rocking Wall Systems
D16
D8
D7
D12
D3 D5
D9
D10
D13
D14
D15
D1
0.250
0.402
0.551 0.249
0.399
0.550
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Figure 4.11: Locations of the specimen RM3 displacement transducers.
Table 4.3: Vertical position of the specimen RM3 displacement transducers.
Transducer Height Transducer Height Transducer Height Transducer Height
(m) (m) (m) (m)
D1 0.067 D5 0.057 D9 0.097 D13 0.139
D2 0.073 D6 0.058 D10 0.164 D14 0.741
D3 0.056 D7 0.093 D11 - D15 1.575
D4 0.057 D8 0.160 D12 0.142 D16 1.685
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Figure 4.12: Strain gauges locations in specimen RM3.
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Figure 4.13: Preliminary wall tests protocol.
The base and the first wall were cast in the first batch. The first wall was used in
specimens RM1 and RM2. The results for the concrete cube tests are shown in Table 4.4,
being the mean compression strength in cylinders at 28 days equal to 22.9 MPa. The
concrete cubes were tested with three different ages of 28, 67 and 175 days. The 28 day
old specimens were chosen to have the standard concrete resistance, the second of 67 days,
to match the specimen RM1 test day and the third, 175 days, to match the specimen RM2
test day.
The second wall, corresponding to specimen RM3 was cast in the second batch. In
Table 4.5, the results for the concrete cube tests are shown, being the mean compression
strength in cylinders at 28 days equal to 22.4 MPa. The tests were made at the ages of
28 and 202 days. The second tests were made at 202 days to match the specimen RM3
test day.
4.3.6.2 Reinforcing steel
The steel used in all concrete elements was A500NR grade. The steel was not tested as
the yielding and rupture points were not expected to be reached in the wall tests.
4.3.6.3 Prestressing steel
Two 7 wire strands of 0.6" with a cross section of 140 mm2, fp0.1k = 1600 MPa and
fpk = 1850 MPa, according to prEN 10138-3 (2004), were used in each test. This pre-
stressing steel was supplied by VSL Sistemas Portugal, S.A.
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Table 4.4: Compressive strength of the concrete used in the specimens RM1 and RM2
Cubes Pmax
a fcmax
b fcm,cubes
c fcm
d
(kN) (MPa) (MPa) (MPa)
Concrete tests at 28 days
1 651 28.9
28.6 22.9
2 633 28.1
3 659 29.3
4 658 29.2
5 599 26.6
6 665 29.6
Concrete tests at 67 days - specimen RM1 test day
1 701 31.2
29.8 23.82 704 31.3
3 607 27.0
Concrete tests at 175 days - specimen RM2 test day
1 735 32.7
33.1 26.52 807 35.9
3 692 30.8
a Maximum compressive force in each cube
b Maximum compressive stress in each cube
c Mean compressive strength in cubes
d Mean compressive strength in cylinders, obtained using the fol-
lowing expression: 0.8 × fcm,cubes
Table 4.5: Compressive strength of the concrete used in specimen RM3
Cubes Pmax
a fcmax
b fcm,cubes
c fcm
d
(kN) (MPa) (MPa) (MPa)
Concrete tests at 28 days
1 644 28.6
28.0 22.42 677 30.1
3 572 25.4
Concrete tests at 202 days - specimen RM3 test day
1 781 34.7
35.6 26.52 809 36.0
3 815 36.2
a Maximum compressive force in each cube
b Maximum compressive stress in each cube
c Mean compressive strength in cubes
d Mean compressive strength in cylinders, obtained using the fol-
lowing expression: 0.8 × fcm,cubes
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4.3.6.4 Resin and cork wedges
Epoxy resin and cork wedges were used in the wall specimen RM3. This material has
been studied in the Universidade NOVA de Lisboa with promising results. It has a large
capacity for deformation without damage. Alves (2010) studied the durability of different
compositions in aggressive environments, Sousa (2010) studied the behaviour when sub-
jected to cyclic actions and Martins (2010) studied different compositions and the scale
factor effect on the mechanical behaviour.
For the mechanical characterisation of the material, specimens with 160x40x40 mm3
were made. These specimens were tested by bending and compression. The compression
tests were made with the specimens that resulted from the division under bending of the
160x40x40 mm3 specimens and with a loaded area of 40x40 mm2.
The epoxy resin used was the MC-DUR1390 VK from MS-Bauchemie and the aggre-
gate was cork powder. To determine the geometrical properties of the cork, a sieving
method was used according to NP EN933-1. This test resulted in a maximum aggregate
size of 4.76 mm, a minimum aggregate size of 0.075 mm, a fineness modulus of 3.97 and
an amount of material finer than No. 200 sieve of 9.74%. The mixture was made with
85% of epoxy resin and 15% of cork by weight. To avoid segregation of the cork, the cast
of the mixture was made when a temperature of 50oC was achieved. After 24 hours at
room temperature, the specimens were kept for seven days at a constant temperature of
40oC. Only one cast was made for two resin and cork wedges and four 160x40x40 mm3
specimens were made for the mechanical characterisation.
To estimate the tensile strength, bending tests were performed as shown in Figure 4.14.
Four of the resulting pieces of the specimens, one from each original specimen, were then
subjected to a compression test with a contact area of 40x40 mm2, as shown in Fig-
ure 4.15. Table 4.6 and Figures 4.16 and 4.17 show the results, where a tensile strength of
16.6 MPa, a compressive strength of 38.6 MPa and a modulus of elasticity of 1226.9 MPa
were obtained. The values shown for the compressive strength correspond to the proof
compressive stress at 1.5% strain.
4.3.6.5 Grout
Grout (Sikar Grout) was used between the wall and the base in specimens RM2 and RM3.
Bending and compression tests on six 40x40x160 mm3 prisms for each wall specimen, were
carried out on the day of the wall specimen tests. The results for the grout flexural and
compression tests used in specimens RM2 and RM3 are shown in Tables 4.7 and 4.8,
respectively. The tensile and compression strength of the grout were obtained from the
40x40x160 mm3 specimens and half specimens, according to standard EN 1015-11 (1999).
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Figure 4.14: Bending test of resin and cork in 40x40x160 mm3 specimens.
Figure 4.15: Compression test after a flexural test of resin and cork in 40x40x160 mm3 specimens.
Table 4.6: Tension and compression strength of resin and cork in 40x40x160 mm3 specimens at
specimen RM3 test day.
Tension Compression
Specimen σt,max
a σt,m
b σc1.5
c σcm1.5
d Er
e Er,m
f
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
1 17.0
16.6
42.1
38.6
1214.3
1226.9
2 15.8 32.4 1144.2
3 17.1 36.5 1182.7
4 16.5 43.4 1366.3
a Maximum tensile stress from the bending test
b Mean of the maximum tensile stresses from the bending test
c 1.5% proof-stress of the resin and cork
d Mean value of the 1.5% proof-stress of the resin and cork
e Modulus of elasticity corresponding to the tangent of the compression tests
diagram at 10 MPa
f Mean of the modulus of elasticity corresponding to the tangent of the com-
pression tests diagram at 10 MPa
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Figure 4.16: Bending test of resin and cork specimens.
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Figure 4.17: Compression test of resin and cork specimens.
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Table 4.7: Bending and compression strength for grout used in the wall specimen RM2, 10 days
after casting.
Specimen σt,max σt,m σc,max σc,m
(MPa) (MPa) (MPa) (MPa)
1 5.9
6.0
56.3
55.3
2 5.7 55.0
3 6.5 58.8
4 6.5 55.6
5 5.6 54.4
6 5.7 51.9
Table 4.8: Bending and compression strength for grout used in the wall specimen RM3, 8 days
after casting.
Specimen σt,max σt,m σc,max σc,m
(MPa) (MPa) (MPa) (MPa)
1 7.2
7.2
57.5
56.1
2 7.3 56.3
3 6.9 58.1
4 7.6 55.0
5 7.2 55.0
6 7.0 55.0
4.4 Tests on hybrid rocking walls
4.4.1 Introduction
The experimental tests that are presented in this section refer to two precast concrete
hybrid wall systems (specimen RM4 and RM5). The development of the energy dissipaters
included in the hybrid wall systems was described in Chapter 3. The two solutions used
in specimens RM4 and RM5 were the ones that achieved the desired cyclic behaviour (see
Section 3.2.5). The first solution used steel angles with a weld on the edge of the horizontal
leg and the second solution, steel angles with a second line of bolts in the horizontal leg,
named as specimens A4 and A5. These experimental tests on the walls were carried out
after the preliminary tests described in Section 4.3. To allow the comparison of these two
hybrid solutions with a post-tensioned solution with the same characteristics, the wall
used in specimens RM5 was tested without the energy dissipaters, and is described in
Section 4.5.
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4.4.2 Specimens
4.4.2.1 Specimen RM4
Specimen RM4 was a precast concrete hybrid rocking wall and the specimen setup is
shown in Figure 4.18. This wall has two post-tensioning strands and energy dissipaters
made from steel angles. The steel angles used in this specimen were similar to those in
specimen A4.
The connections between the wall and the angles were made with a 15 mm thick steel
plate, built into the wall. Two other 20 mm thick plates were added to the base to connect
the angles to the base. The horizontal legs of the angles were welded to these plates.
During assembly grout was poured over the base, then the wall was lowered into the
grout until the holes in the wall steel plate and the steel angles were aligned and the
bolts could be tightened. The vertical and horizontal alignments were verified and some
adjustments could be made due to the bolt hole tolerances.
Plan view
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Western view
Steel plate
Steel plate
Steel plate
Steel plate
Steel plate
Mechanical prestressing system
Load cell
Actuator connection structure
Strand SStrand N
0.300.30 0.20
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Grout
Steel angle
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Hinge Anchor
Figure 4.18: Western and plan views of wall specimen RM4 test setup.
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4.4.2.2 Specimen RM5
Specimen RM5 setup is shown in Figure 4.19. The steel angles used in this specimen were
similar to those in specimen A5. The horizontal legs of the angles had two lines of bolts
connecting the steel plate to the base. To control undesired transversal displacements, a
bracing system was built with circular hollow tubes. To minimise friction teflon plates
were used between the wall and the tubes.
Plan view
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Actuator connection structure
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0.300.30 0.20
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Steel angle
Bracing system
Base
Hinge Anchor
Figure 4.19: Western and plan views of wall specimen RM5 test setup.
4.4.3 Details of specimens
Details of the wall used in specimen RM4 are shown in Figure 4.20. The reinforcement
was similar to that in the preliminary tests and the materials prescribed were A500NR
steel grade for the bars and C30/37 for the concrete, whilst the steel bars had a 10 mm
cover.
The angles were connected to the wall using a 15 mm thick steel plate, previously cast
into the wall and secured by twelve 12 mm diameter ordinary steel bars welded to the steel
plate (see Figure 4.21). These plates had four protected M16 nuts welded to the inner
face to enable the fixation of the angles with M16 bolts. The steel angles were fixed to
the base using a similar setup, although the plate was 20 mm thick and there were two
M20 nuts and bolts. As the base used for specimen RM4 was the same as for the three
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Figure 4.20: Reinforcement details of specimen RM4 wall.
preliminary tests, no steel plate was attached to it as can be seen in Figure 4.8. Holes
were drilled in the base and the four 20 mm diameter bars previously welded to the steel
plate were sealed with grout. Details of these steel plates are shown in Figure 4.21.
The reinforced concrete wall used in specimen RM5 is detailed in Figure 4.22. This
wall was similar to the wall for specimen RM4 with the exception of the steel plates. The
prescribed materials were the same as for the previous specimens.
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Figure 4.21: Steel plates details used in specimen RM4.
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Figure 4.22: Reinforcement details of specimen RM5 wall.
The cast and the execution of the reinforcement for specimen RM4 caused some diffi-
culties. To minimise these problems the plate built into the wall for specimen RM5 was
connected to the wall using eight 20 mm diameter steel bars, instead of the 12 bars used
in the previous one. These plates had four protected M20 nuts welded at the back side
to allow the fixation of the angles with M20 bolts. To connect the angles to the base
another plate was used in each side. These 20 mm thick plates had four protected M20
nuts welded to them to allow the fixation of the angle with M20 bolts to the base. Details
of the steel plates are shown in Figure 4.23. In the case of these last two specimens (RM5
and RM6), a new base was designed, thus circular cut-offs were left during casting to allow
the posterior sealing of the M20 bars with grout.
The reinforced concrete base used in these two tests is detailed in Figure 4.24. This
concrete element had a 0.5x0.5 m2 cross section for a 2.0 m span between steel spreader
beams. The main longitudinal reinforcement were 6φ20 on the bottom, 6φ25 on the top
and the transverse reinforcement were four legs stirrups of φ8//0.075. To provide access
to the prestress bottom anchorages, the bottom longitudinal reinforcement was exterior
for 0.45 m length as in the previous designed base. Two circular ducts were included in
the concrete to accommodate the vertical prestress strands, and to seal the steel plates,
eight cut-offs were left in place during the concrete cast. A steel cage using φ8 bars was
used in the zone below the wall-base connection for concrete confinement.
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Figure 4.23: Steel plates details used in specimens RM5 and RM6.
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Figure 4.24: Reinforcement details of base used for specimens RM5 to RM6.
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4.4.4 Monitoring equipment
4.4.4.1 Specimen RM4
Load cells with 500 kN and 300 kN measuring capacity were used to monitor the hori-
zontal force in the actuator and the vertical force in the post-tensioned strands. Fifteen
displacement transducers were used, five for horizontal displacements and ten for vertical
displacements. The positions of the displacement transducers are shown in Figure 4.25.
The vertical distance of each transducer to the base is in Table 4.9. These vertical dis-
tances include the thickness of the steel plate below the steel angles. Two displacement
transducers (D15 and D16) were used to measure the relative displacement between the
steel plate and the face of the wall. The transducers D7 and D10 were used to measure
the elongation of the bolts in the horizontal legs of the angles. The transducers D8 and
D11 were used to measure the vertical displacement of the steel angles.
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(a) Western side view.
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(b) Eastern side view.
Figure 4.25: Locations of the specimen RM4 displacement transducers.
4.4.4.2 Specimen RM5
In this specimen, sixteen displacement transducers were used, six for horizontal displace-
ments and ten for vertical displacements. The displacement transducers positions are
shown in Figure 4.26. The vertical distance of each transducer to the base is in Table 4.10.
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Table 4.9: Vertical position of the specimen RM4 displacement transducers.
Transducer Height Transducer Height Transducer Height Transducer Height
(m) (m) (m) (m)
D1 0.082 D6 0.109 D11 0.163 D16 -
D2 0.080 D7 - D12 0.859 D17 1.680
D3 0.096 D8 0.167 D13 0.730
D4 0.107 D9 0.850 D14 1.535
D5 0.098 D10 - D15 -
D16
D8
D7 D3 D5 D10
D11
D13
D15
D1
0.206
0.403
0.603 0.209
0.409
0.606
D9
D12
D14
(a) Western side view.
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Figure 4.26: Locations of the specimen RM5 displacement transducers.
4.4.5 Loading protocol
The protocol used to test the precast concrete hybrid walls was similar to the one used
for the preliminary wall tests. In these tests, the achievement of higher drifts was an
objective. The parameters that limited the maximum drift in the preliminary wall tests
were the lateral instability of the walls that were without bracing and the short length of
the prestress strands. In the hybrid wall systems the lateral instability was mitigated, since
the angles increased the rigidity of the connection, improving the lateral stability. Despite
that, in wall specimen RM5 a lateral bracing system was used to eliminate the lateral
instability problems. For these reasons the protocol used was similar to the preliminary
wall tests but with higher maximum target drift ratios, as can be seen in Figure 4.27. The
target drift ratio for each set of cycles was 0.25%, 0.50%, 1.00%, 1.50%, 2.00%, 2.50% and
3.00% respectively.
107
Chapter 4. Post-Tensioned Rocking Wall Systems
Table 4.10: Vertical position of the specimen RM5 displacement transducers.
Transducer Height Transducer Height Transducer Height Transducer Height
(m) (m) (m) (m)
D1 0.075 D5 0.098 D9 0.870 D13 0.771
D2 0.075 D6 0.100 D10 - D14 1.283
D3 0.098 D7 - D11 0.220 D15 1.475
D4 0.100 D8 0.215 D12 0.874 D16 1.694
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Figure 4.27: Hybrid wall tests protocol.
4.4.6 Materials
Seven different materials were used in the execution of these tests: concrete, reinforcing
steel, prestressing steel, grout, steel for the angles, steel for the plates and steel for the
bolts.
4.4.6.1 Concrete
Two batches of concrete were prepared, one for wall specimen RM4 and another for the
base and the wall used in specimen RM5. The base used for specimen RM4 was the same
as the one that was used for specimens RM1, RM2 and RM3.
The results for the compression tests performed, according to EN 12390-3 (2001) for
the characterisation of the concrete in the wall specimen RM4, are shown in Table 4.11,
being the mean compression strength in cylinders at 28 days equal to 33.4 MPa. The
concrete cubes were tested at the ages of 28 and 126 days. The 28 day old specimens were
chosen to have the standard concrete resistance and the second of 126 days to match the
specimen RM4 test day.
The results for the compression tests made to characterise the concrete in the wall and
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the base used in specimen RM5 are shown in Table 4.12. The concrete cubes were tested
at the ages of 41 and 92 days. The first age of 41 days was chosen due impossibility of
made them at 28 days and the second of 92 days to match the specimen RM5 test day.
Table 4.11: Compressive strength of concrete used in test of the specimen RM4
Cubes Pmax fcmax fcm,cubes fcm
(kN) (MPa) (MPa) (MPa)
Concrete tests at 28 days
1 910 40.4
41.8 33.42 946 42.0
3 965 42.9
Concrete tests at 126 days - specimen RM4 test day
1 1035 46.0
44.8 35.82 999 44.4
3 988 43.9
Table 4.12: Compressive strength of concrete used in tests of specimens RM5 and RM6
Cubes Pmax fcmax fcm,cubes fcm
(kN) (MPa) (MPa) (MPa)
Concrete tests at 41 days
1 1300 57.8
59.6 47.72 1316 58.5
3 1407 62.5
Concrete tests at 92 days - specimen RM5 test day
1 1332 59.2
61.5 49.22 1479 65.7
3 1340 59.6
4.4.6.2 Reinforcing steel
The reinforcing steel used in all concrete elements was A500NR grade. The steel was not
tested, once the yield and rupture points were no expected to be reached in the wall tests.
4.4.6.3 Prestressing steel
Two 7 wire strands of 0.6" with a cross section of 140 mm2, fp0.1k = 1600 MPa and
fpk = 1850 MPa, according to prEN 10138-3 (2004), were used in each test. This pre-
stressing steel was supplied by VSL Sistemas Portugal, S.A.
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4.4.6.4 Grout
Grout (Sikar Grout) was used between the wall and the base. Bending and compression
tests were carried out on six 40x40x160 mm3 prisms for wall specimen on the days of the
tests. The results for the flexural and compression grout tests used in specimen RM4 are
shown in Table 4.13 and for specimens RM5 in Table 4.14.
Table 4.13: Bending and compression strength for grout used in the wall specimen RM4, 32 days
after casting.
Specimen σt,max σt,m σc,max σc,m
(MPa) (MPa) (MPa) (MPa)
1 9.2
9.5
69.4
67.9
2 8.9 67.0
3 9.1 71.0
4 10.1 66.1
5 9.8 66.0
6 9.9 68.2
Table 4.14: Bending and compression strength for grout used in the wall specimen RM5, 29 days
after casting.
Specimen σt,max σt,m σc,max σc,m
(MPa) (MPa) (MPa) (MPa)
1 8.6
8.1
54.1
61.0
2 7.8 63.9
3 7.9 62.9
4 7.8 56.7
5 8.9 66.1
6 7.7 62.4
4.4.6.5 Steel angles, steel plates and steel bolts
The steel angles were made from a S275 steel grade. The steel used in the angles was
tested and the results are shown in Chapter 3. All the steel plates were made from a S275
steel grade. The bolts used to attach the steel angles to the wall and base in specimen
RM4 were all 10.9 grade. In the specimen RM5, the bolts used to attach the steel angles
to the wall were all 8.8 grade and those to the base were 10.9 grade.
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4.5 Test on a post-tensioned rocking wall
4.5.1 Introduction
The purpose of the test on the post-tensioned wall specimen RM6 was to observe a speci-
men similar to RM4 and RM5, but without the steel angle dissipation devices. The main
difference to the walls tested in the preliminary wall tests RM1 and RM2 (see Section 4.3)
was the inclusion of the 15 mm steel plates along the edges where the steel angles were
attached. These steel plates have an influence on the compression zone between the wall
and the base and replace the concrete cover in the location where it would be subject to
higher compressive stresses.
4.5.2 Specimen
Specimen RM6 was a post-tensioned precast concrete rocking wall and the specimen setup
is shown in Figure 4.28. The concrete wall used in this test was the same as for wall
specimen RM5, but without the energy dissipaters. From this test it was possible to
evaluate the energy dissipation without specific dissipaters. The test setup and assemblage
procedure were similar to specimen RM5. In this test, the bracing system to prevent
transversal undesired displacements was important and fulfilled the objective.
Plan view
0.8
0.125
Western view
Steel plate
Steel plate
Steel plate
Steel plate
Steel plate
Mechanical prestressing system
Load cell
Actuator connection structure
Strand SStrand N
0.300.30 0.20
Wall
Grout
Bracing system
Base
Hinge Anchor
Figure 4.28: Western and plan views of wall specimen RM6 test setup.
111
Chapter 4. Post-Tensioned Rocking Wall Systems
4.5.3 Details of specimen
The concrete wall and base that were used were the same as for specimen RM5. The
details are described in Section 4.4.3 and the wall steel details are shown in Figure 4.22,
the steel plate details in Figure 4.23 and the base steel details in Figure 4.24.
4.5.4 Monitoring equipment
4.5.4.1 Specimen RM6
To monitor displacements in the specimen RM6, fourteen displacement transducers were
used, eight for horizontal displacements and six for vertical displacements. In this wall
specimen, more horizontal displacement transducers were used in order to record the
displacements in both sides of the wall. The displacement transducers positions are shown
in Figure 4.29. The vertical distance of each transducer to the base is in Table 4.15. These
vertical distances include the thickness of the steel plate below the steel angles.
D14
D3 D5
D1
0.220
0.417
0.578 0.232
0.393
0.590
D9
D7
D10
D11
D8
D12
D13
(a) Western side view.
D14
D9
D7
D10
D11
D8
D12
D13
D4D6
D2
0.221
0.388
0.5870.218
0.417
0.584
(b) Eastern side view.
Figure 4.29: Locations of the specimen RM6 displacement transducers.
4.5.5 Loading protocol
The protocol used to test the precast concrete post-tensioned wall was the same as for the
specimen RM5 and is shown in Figure 4.30. The target drift ratio for each set of cycles
was 0.25%, 0.50%, 1.00%, 1.50%, 2.00%, 2.50% and 3.00% respectively.
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Table 4.15: Vertical position of the specimen RM6 displacement transducers.
Transducer Height Transducer Height Transducer Height Transducer Height
(m) (m) (m) (m)
D1 0.071 D5 0.095 D9 0.778 D13 1.493
D2 0.072 D6 0.095 D10 1.309 D14 1.694
D3 0.095 D7 0.867 D11 0.733
D4 0.098 D8 0.868 D12 1.275
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Figure 4.30: Post-tensioned only wall test protocol.
4.5.6 Materials
Four different materials were used in the execution of these tests: concrete, reinforcing
steel, prestressing steel and grout.
4.5.6.1 Concrete
The wall and the base used in this test were the same as for the specimen RM5 test,
thus the results for the compression tests made on the concrete are shown in Table 4.12.
There were no more concrete specimens to test at specimen RM6 test day, but it was not
considered important due to the small variations in the properties of the materials after a
period of 41 days or 92 days.
4.5.6.2 Reinforcing steel
The reinforcing steel used was A500NR grade. It was not considered necessary to test the
steel as the yield and rupture points were not expected to be reached during the wall test.
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4.5.6.3 Prestressing steel
Two 7 wire strands of 0.6" with a cross section of 140 mm2, fp0.1k = 1600 MPa and
fpk = 1850 MPa, according to prEN 10138-3 (2004), were used in each test. This pre-
stressing steel was supplied by VSL Sistemas Portugal, S.A.
4.5.6.4 Grout
Grout (Sikar Grout) was used between the wall and the base. Bending and compression
tests were carried out at the wall specimen test day in six 40x40x160 mm3 prisms. The
results for the flexural and compression grout tests used in specimen RM6 are shown in
Table 4.16.
Table 4.16: Bending and compression strength for grout used in the wall specimen RM6, 29 days
after casting.
Specimen σt,max σt,m σc,max σc,m
(MPa) (MPa) (MPa) (MPa)
1 9.2
9.2
61.4
61.5
2 10.1 63.8
3 8.9 60.1
4 9.1 62.0
5 9.0 59.8
6 9.1 62.1
4.6 Experimental results
In this section the experimental results of the tested specimens are presented and some
important parameters of the behaviour are quantified.
4.6.1 Analysis parameters
The main parameters that will be analysed with the experimental results are the reached
drift ratio, the equivalent viscous damping ratio, the rotation of the wall about a vertical
axis, the neutral axis depth of the bottom section of the wall, the base shear force and the
post-tensioning forces history.
- Drift ratio
The drift ratios of the walls were determined using the top displacement at the actuator
level divided by the actuator’s height from the wall bottom, as shown in equation 4.1. The
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top displacement was obtained in two different ways, first using directly the displacement
transducer associated to the actuator and second by using the bottom rotation, added to an
estimation of the wall elastic displacement, as shown in equation 4.2. The bottom rotation
was calculated using the measures of the four vertical displacement transducers placed
near the wall bottom, D3, D4, D5 and D6 (equation 4.3). The elastic top displacement
was estimated taking into account the bending and shear deformation, as can be seen in
equation 4.4. After the decompression of the bottom section, this elastic displacement is
an approximation and the associated error increases with the drift ratio. This error is
acceptable as the elastic displacement is small when compared to the displacement due
to the bottom rotation for high drifts. The concrete parameters needed to calculate the
elastic displacements were the ones estimated in EN 1992-1-1 (2004) for the used concrete.
Due to the lateral, west-east, displacements in the wall specimens, specially in the post-
tensioned specimens without steel angles, the drift based on the bottom rotation was the
main choice, used in the results of all specimens except wall specimen RM1. In specimen
RM1, only the western side of the wall had displacement transducers, as a result it was
not possible to have reliable results.
Drift ratio =
Top displacement
Actuator′s heigh
(4.1)
Top displacement = Bottom rotation × Actuator′s height + Elastic top displacement
(4.2)
Bottom rotation =
[
δD5 − δD3
dD3D5
+
δD6 − δD4
dD4D6
]
/2 (4.3)
Elastic top displacement =
V H3
3EcmI
+
V H
GAv
(4.4)
where,
δDx is the displacement measured by displacement transducer Dx;
dDxDy is the absolute distance between displacement transducers Dx and Dy;
V is the base shear;
H is the horizontal actuator’s height;
Ecm is the secant modulus of elasticity of concrete between σc = 0 and 0.4σc = fcm;
I is the second moment of area;
G is the shear modulus;
Av is the shear area.
- Residual drift ratio
A residual drift ratio for each set of cycles in the results of each specimen will be
presented. This value corresponds to the drift after each set of cycles when the base shear
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reaches zero. The sign of this value respects the general convention, positive correspond-
ing to a wall with a residual displacement towards north. In Figure 4.31, the residual
displacements are marked, ∆r1 is the residual displacement after a half cycle in positive
displacements and ∆r1 in negative displacements. The residual drift after each cycle corre-
sponds to the ∆r1 as the tests started with the wall being pushed in the southern direction
(negative direction).
- Equivalent viscous damping ratio
A parameter that will be obtained for all the specimens as a function of the drift ratio
is the equivalent viscous damping ξeq. Hose and Seible (1999) defined the ξeq for asym-
metric hysteresis loops, separating the diagram by positive and negative displacements,
as presented in Figure 4.31. equation 4.5 gives the ξeq for asymmetric hysteresis loops as
the sum of the ξeq obtained for positive and negative displacements.
ξeq =
1
4π
(
Ed1
Es1
+
Ed2
Es2
)
(4.5)
where,
ξeq is the equivalent viscous damping ratio;
Ed1 is the energy dissipated for positive displacements;
Es1 is the elastic strain energy for positive displacements;
Ed2 is the energy dissipated for negative displacements;
Es2 is the elastic strain energy for negative displacements.
ForceForce
F1F1
F2F2
Es1
Es2
Ed1
Ed2
∆∆ ∆1∆1
∆2∆2
∆r1∆r1
∆r2∆r2
Figure 4.31: Hysteretic diagram of a typical cyclic action (adapted from Hose and Seible (1999)).
- Wall rotation about the vertical axis
Due to the lack of transversal bracing, not only transversal top displacement was
expected but also rotation of the wall about the vertical axis. These rotation can be
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calculated using the following equation 4.6. The transducers D1 and D2 used to calculate
this rotation were located at about 50 mm from the bottom, thus the rotation calculation
is not exactly in the bottom of the wall, but is close enough to make a qualitative analysis
of the wall rotation.
Rotation = arctan
(
δD2 − δD1
d12
)
(4.6)
where,
d12 is the absolute distance between displacement transducers D1 and D2 showed in Ta-
ble 4.17 for each specimen.
Table 4.17: Distance between the transducers D1 and D2.
d12 (m)
RM1 RM2 RM3 RM4 RM5 RM6
- 0.265 0.283 0.270 0.242 0.286
- Neutral axis depth from displacement transducers
To estimate the neutral axis depth x, four vertical displacement transducers placed
near the bottom of the wall were used. Figure 4.32 illustrates the wall rotation on the
bottom from a western side view, where the neutral axis position is the transition from
the zone where the wall is in contact with the base and the zone where the wall lifts from
the base can be seen. This drawing includes two of the displacement transducers used
for the calculations and is valid for the situation when the wall has positive drifts. Two
expressions were developed, equation 4.7a and equation 4.7b for positive and negative drift
ratios.
D1
D3 D5
x
PD5D6
PD3D4
Figure 4.32: Neutral axis.
x = PD3D4 + δD1D2 − δD3D4
(
PD3D4 − PD5D6
δD3D4 − δD5D6
)
(4.7a)
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x = lw −
(
PD3D4 + δD1D2 − δD3D4
(
PD3D4 − PD5D6
δD3D4 − δD5D6
))
(4.7b)
where,
PDxDy is the average position of the displacement transducers Dx and Dy relatively to
the southern corner;
δDxDy is the average displacement measured by the displacement transducers Dx and Dy;
lw is the wall length.
- Forces
The post-tensioning force in strands and the base shear force, that will be presented,
were directly measured by the load cells.
4.6.2 Preliminary tests on post-tensioned rocking walls
4.6.2.1 Wall specimen RM1
After having everything prepared to start the test, the first step was to apply the post-
tensioning forces to the strands. The forces were applied gradually and alternately to the
strands using the mechanical devices shown in Figure 4.33. Each one of these devices have
three bolts that, when tightened, separate the two plates and elongate the strand. This
procedure was carried out until each strand force reached 130 kN.
Figure 4.33: Mechanical device for the application of the post-tensioning force.
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The wall specimen RM1 was submitted to a cyclic displacement control protocol as
described above. Figure 4.34 shows a general view of the test setup. In Figure 4.35
the displacements that were applied to the wall are shown, where it can be seen that,
for each target drift ratio, three cycles were applied. The desired target cycles were not
strictly achieved, in Table 4.18 the actual drift ratios are shown. The difference between
the planned and reached drifts was due to the need to continuously adjust the target
displacement inserted in the system. The direction of movement of the actuator was
changed by the use of two backstop plates that send the information to reverse to the
system. However, this change is not instantaneous and depends on the stiffness of the
system and the inertia of the actuator.
This specimen had an initial transversal inclination (Section 4.3.2.1) and being post-
tensioned without any bracing system, made it instable. This instability resulted in
transversal displacements and a picture of the wall with transversal inclination is shown
in Figure 4.36. The displacement transducer that was assigned to be the reference was
D15 (Figure 4.9), but due to these transversal displacements the results of this transducer
were not reliable and alternatively the displacement transducer D16, associated directly
to the actuator, was used (Figure 4.37). The measurements obtained from this trans-
ducer included the clearances of the connection system between the actuator and the wall.
In the subsequent experimental test analyses, this problem was overcome by using the
displacement transducers near the bottom of the wall as described in Section 4.6.1.
Figure 4.34: Picture of RM1 wall general southwest view.
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Figure 4.35: Test RM1 history of drift ratio.
Table 4.18: RM1 summary of results for base shear and drift ratio, for each set of cycles.
Base shear force (kN) Drift ratio (%)
Max Min Max Min Residual
1st Cycles 61.1 -58.2 0.30 -0.30 0.03
2nd Cycles 61.3 -64.0 0.43 -0.51 0.09
3rd Cycles 64.1 -65.7 0.68 -0.81 0.08
4th Cycles 66.9 -64.3 0.95 -1.03 0.08
5th Cycles 69.4 -70.0 1.31 -1.44 0.08
6th Cycles 73.1 -74.5 1.86 -1.93 0.07
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Figure 4.36: Picture of RM1 wall transversal inclination.
Figure 4.37: Picture of the actuator in specimen RM1.
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The base shear force applied to the wall was the force of the actuator. The base shear
response is shown in Figure 4.38 and should be analysed taking into account the drift
ratios in Figure 4.35. It can be seen that the maximum shear base in each cycle did not
change significantly with the growing drift ratios targets. In fact, the diagram shows an
initial stiffness that reduces close to the base shear value of 50 kN, leading to an almost
bi-linear response. This transition was due to the propagation of the gap opening length,
thus it was a geometric softening. It can also be seen that this transition occurred for
a force higher than 50 kN at the beginning of the test and smaller than 50 kN in the
final cycles. This reduction was due to the loss of post-tensioning force, which is clear in
Figures 4.39 and 4.40 and is quantified in Table 4.19, reaching 20% at the end. The post-
tensioning affects directly the equilibrium of the wall and the transition zone (softening). It
can be said that the main problem that led to these high values of post-tensioning losses
was the short length of the strands. The full length of the strands was approximately
2.30 m, meaning that a small adjustment of 1 mm corresponded to a loss of 9% of the
130 kN initial post-tensioning force. Nevertheless, the strands were always in the elastic
range (fp0.1k = 224kN). Finally, some degradation in the concrete was observed in the
northern and southern corners of the wall, as can be seen in Figures 4.41 and 4.42. In the
subsequent wall specimen experimental tests, a pre-loading, higher than the working initial
post-tensioning force, was applied to the strands to reduce the effects of the adjustments
of the anchorage wedges.
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Figure 4.38: Test RM1 history of base shear force.
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Figure 4.39: Test RM1 post-tensioning force vs time.
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Figure 4.40: Test RM1 post-tensioning force vs drift ratio.
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Table 4.19: RM1 test summary of post-tensioning force for each set of cycles
Final post-tensioning force Maximum post-tensioning force
Strand N Strand S Strand N Strand S
FN (kN) ∆ FS (kN) ∆ FN (kN) ∆ FS (kN) ∆
Initial 126.4 129.1
1st Cycles 124.8 -1% 128.3 -1% 133.4 6% 131.6 2%
2nd Cycles 122.6 -3% 128.7 0% 138.7 10% 134.3 4%
3rd Cycles 117.0 -7% 123.4 -4% 147.5 17% 144.6 12%
4th Cycles 114.4 -10% 118.8 -8% 153.7 22% 152.7 18%
5th Cycles 107.0 -15% 112.3 -13% 166.6 32% 162.5 26%
6th Cycles 99.1 -22% 105.1 -19% 177.6 41% 176.6 37%
Figure 4.41: Picture of RM1 wall southern corner after test.
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Figure 4.42: Picture of RM1 wall southern corner after cover cleaning.
To analyse the global behaviour of the specimen, the hysteretic response diagram is
shown in Figure 4.43. This diagram shows the referred bi-linear response and that the
residual displacements were negligible (see also Table 4.18), as the wall recentred after
every cycle. In an ideal response, all the cycles should be overlapping, without distinction
between them, but the losses in prestress and some wall degradation led to a progressive
reduction of the base shear force of the softening zone. The evolution of the equivalent
viscous damping ratio ξeq, is shown in Figure 4.44 and the values presented reveal that
the specimen had an essential elastic response, with very small dissipation energy.
Finally, two displacement blockers were used to restrain the wall, preventing any re-
sulting sliding. During the test no sliding tendency was observed, leading to the conclusion
that the blockers were not needed. Moreover, their location made it difficult to observe
the southern and northern corners of the wall and created an uncertainty about the point
of rotation of the wall, as the wall could be indirectly rocking on the blockers. For these
reasons, their use are not recommended.
4.6.2.2 Wall specimen RM2
In the wall specimen RM2, the grout used in the wall-base connection allowed the correct
vertical positioning of the wall. The application of the post-tensioning was made by
pulling the strands to a higher pre-loading to reduce the system adjustments during test.
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Figure 4.43: Test RM1 base shear vs drift ratio.
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Figure 4.44: Test RM1 equivalent viscous damping ratio.
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The strands were tensioned slowly until they reached 170 kN each then, when the forces
were stabilised, they were reduced to 130 kN in each strand. For this wall specimen, the
problems that led to a reduction of the number of displacement transducers in specimen
RM1 were solved and the drift ratio was calculated using the bottom rotation, as explained
in Section 4.6.1.
The imposed drift ratio had similar problems as in specimen RM1. The diagram in
Figure 4.45 and Table 4.20 shows that the cycles are slightly asymmetric, specially the first
two sets of cycles. Table 4.20 also shows that the residual displacements were negligible.
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Figure 4.45: Test RM2 history of drift ratio.
Table 4.20: RM2 summary of results for base shear and drift ratio, for each set of cycles.
Base shear force (kN) Drift ratio (%)
Max Min Max Min Residual
1st Cycles 63.1 -60.8 0.15 -0.29 -0.01
2nd Cycles 67.9 -71.9 0.26 -0.60 -0.01
3rd Cycles 80.2 -74.5 0.88 -1.04 0.01
4th Cycles 85.2 -80.9 1.54 -1.64 0.02
5th Cycles 86.3 -73.6 2.03 -2.06 0.05
The response of the specimen RM2 in terms of base shear force is shown in Figure 4.46
and Table 4.20. It can be seen that this wall reached higher shear base forces than the
specimen RM1, mostly due to the better post-tensioning behaviour. In this specimen the
described procedure to apply the post-tensioning resulted in no force losses until 170 kN
was reached in the strands, which corresponds to the pre-loading applied before the test.
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Figures 4.47 and 4.48 and Table 4.21 show that for 1% drift ratio the maximum post-
tensioning force was 170 kN (3rd cycles), meaning that in the following cycles, with higher
drift ratio targets, forces higher than the pre-loading value of 170 kN were reached and
losses were a consequence. The final post-tensioning losses achieved 20% as in specimen
RM1. Despite these losses, the maximum post-tensioning force was 194.0 kN, correspond-
ing to an increment of 45% for 2% drift ratio, in comparison with the initial force of
133.4 kN. This high increment is also very clear in the diagram shown in Figure 4.48 and
is due to the short length of the strands.
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Figure 4.46: Test RM2 history of base shear force.
Table 4.21: RM2 test summary of post-tensioning force for each set of cycles
Final post-tensioning force Maximum post-tensioning force
Strand N Strand S Strand N Strand S
FN (kN) ∆ FS (kN) ∆ FN (kN) ∆ FS (kN) ∆
Initial 134.1 133.4
1st Cycles 133.7 0% 133.8 0% 142.1 6% 137.5 3%
2nd Cycles 133.5 0% 133.7 0% 155.9 16% 143.2 7%
3rd Cycles 132.3 -1% 132.7 -1% 171.8 28% 169.4 27%
4th Cycles 115.8 -14% 115.1 -14% 184.9 38% 185.3 39%
5th Cycles 107.5 -20% 103.9 -22% 191.6 43% 194.0 45%
Table 4.22 shows the position of the neutral axis, measured from the nearest face,
south or north, for each set of cycles. These values were obtained using the displacement
transducers near the bottom of the wall and the methodology presented in Section 4.6.1.
Each set of cycles had three maximum and minimum displacements and the neutral axis
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Figure 4.47: Test RM2 post-tensioning force vs time.
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Figure 4.48: Test RM2 post-tensioning force vs drift ratio.
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is the average neutral axis obtained for those three peaks. The dimension of the neutral
axis decreased with the increase of the drift ratio target and for the last three sets of cycles
there was a tendency to stabilise near 100 mm.
Table 4.22: Specimen RM2 neutral axis at maximum displacements (mm).
Sign 1st Cycles 2nd Cycles 3rd Cycles 4th Cycles 5th Cycles
Negative 177.6 131.9 109.2 96.4 96.4
Positive 197.8 158.7 108.3 100.0 104.0
The global response of the specimen can be seen in the hysteretic diagram in Fig-
ure 4.49. This diagram shows a bi-linear response with negligible residual displacements
(see also Table 4.20), where the wall recentred after every cycle. In an ideal response, all
the cycles should be overlapping, but the losses in post-tensioning force and some wall
degradation led to a small reduction of the base shear force correspondent to the softening
zone. The equivalent viscous damping ratio ξeq evolution, is shown in Figure 4.50 and
the values presented reveal that the specimen had basically an elastic response, with very
small energy dissipation. The first point of the ξeq diagram is not consistent with the
results of the other post-tensioned wall tests, as the others started with a higher value.
The pictures in Figures 4.51 and 4.52 show that the degradation of the wall was confined
to a small area of the concrete cover in the northern and southern corners of the wall.
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Figure 4.49: Test RM2 base shear vs drift ratio.
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Figure 4.50: Test RM2 equivalent viscous damping ratio.
Figure 4.51: View of the western side of RM2 wall test.
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Figure 4.52: View of the eastern side of RM2 wall test.
The wall rotation about the vertical axis is shown in Figure 4.53 as a function of time.
The rotations were small and grew with the increase of the drift ratio target. In the fourth
and fifth sets of cycles it is clear that the wall had residual rotations between the cycles.
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Figure 4.53: Test RM2: rotation about the vertical wall axis.
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4.6.2.3 Wall specimen RM3
During specimen RM3 assembly grout was applied between the wall and the base, as in
the previous test and wedges of resin and cork were included, as shown in Figure 4.54.
The wedges of resin and cork were made from a material under development in FCT/UNL
and was described in Section 4.3.6. When the wall was designed, the information available
about the resin and cork material pointed to a proof stress of 20 MPa, much lower than
the concrete compressive strength, and with a very high ultimate strain. These wedges
were designed to work beyond 5% strain to be able to dissipate energy. In fact the proof
stress of the resin is near 40 MPa, as may be seen in Table 4.6, and the function of the
wedges of resin and cork was compromised.
Figure 4.54: View of a resin and cork wedge glued to the edge of the wall.
The application of the post-tensioning force was made following a procedure similar
to the one for specimen RM2. Taking into consideration the losses of post-tensioning in
specimen RM2, the applied pre-loading was higher and equal to 180 kN. The strand forces
were then reduced to 130 kN in each strand.
The drift ratio was obtained using the bottom rotation, as explained in Section 4.6.1,
and its time history is shown in Figure 4.55. In this specimen the wall rotation about
the north-south axis was not negligible, as can be seen in Figure 4.56. As a result of
this rotation, which was also present in the first two specimens, the top displacement
transducer measures were not considered reliable. The maximum and minimum values
of the drift ratio reached did not comply with the desired target drifts as is shown in
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Table 4.23. The cause of this difference was explained for specimen RM2 and is essentially
due to the inertia and clearances of the system and actuator. The first set of cycles was the
one where the difference was bigger. Following this set of cycles the differences between
the observed drift ratio and the desired results were still not negligible, but much smaller.
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Figure 4.55: Test RM3 history of drift ratio.
(a) Top displacement transducer. (b) Horizontal load cell.
Figure 4.56: Wall specimen RM3 inclination.
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Table 4.23: RM3 summary of results for base shear and drift ratio, for each set of cycles.
Base shear force (kN) Drift ratio (%)
Max Min Max Min Residual
1st Cycles 61.4 -64.0 0.19 -0.45 0.03
2nd Cycles 64.4 -65.0 0.40 -0.45 0.01
3rd Cycles 74.2 -73.9 0.87 -0.88 0.01
4th Cycles 84.5 -76.3 1.34 -1.35 0.04
5th Cycles 81.9 -77.6 1.80 -1.78 0.00
The base shear force response of the specimen RM3 is shown in Figure 4.57 and
Table 4.23. The force increases with the increment of the target drift ratio until the final
set of cycles, where the maximum values of base shear force do not change significantly
compared with the behaviour of the previous set.
Associated with the behaviour of the base shear force is the post-tensioning force
that did not have the losses observed in tests of the previous specimens, as is shown in
Figures 4.58 and 4.59 and Table 4.24. The force exceeded the pre-loading value of 180 kN
without losses. The post-tensioning force had a maximum of 198.3 kN, corresponding to an
increment of 52% from the starting force. With no losses in the post-tensioning forces, the
base shear should continue to increase during the last set of cycles, as the drift ratio clearly
increased, but that did not happen. The likely explanation for this fact is an increase in the
neutral axis value from the fourth set of cycles to the fifth, as shown in Table 4.25, which
was due to the degradation in the wedge-wall connection, resulting in the wedge becoming
detached during the fourth set of cycles, as illustrated in Figure 4.60. The neutral axis
calculation was explained in Section 4.6.1. The values obtained for this specimen can be
related to two scenarios: first, the wedge remains fixed to the wall and lifts from the base;
second, the wedge remains in contact with the base whilst the wall separates from the
wedge. In this last option, the value is an approximation of the horizontal position where
the wall lifts from the wedge.
Table 4.24: RM3 test summary of post-tensioning force for each set of cycles
Final post-tensioning force Maximum post-tensioning force
Strand N Strand S Strand N Strand S
FN (kN) ∆ FS (kN) ∆ FN (kN) ∆ FS (kN) ∆
Initial 130.9 130.6
1st Cycles 131.7 1% 131.9 1% 146.5 12% 138.7 6%
2nd Cycles 131.6 1% 131.1 0% 146.3 12% 145.0 11%
3rd Cycles 132.0 1% 131.7 1% 165.6 27% 165.9 27%
4th Cycles 130.7 0% 132.3 1% 183.6 40% 185.2 42%
5th Cycles 128.1 -2% 129.2 -1% 194.6 49% 198.3 52%
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Figure 4.57: Test RM3 history of base shear force.
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Figure 4.58: Test RM3 post-tensioning force vs time.
Table 4.25: Specimen RM3 neutral axis at maximum displacements (mm).
Sign 1st Cycles 2nd Cycles 3rd Cycles 4th Cycles 5th Cycles
Negative 187.2 169.5 131.3 119.9 126.7
Positive 132.7 149.5 115.6 110.4 114.7
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Figure 4.59: Test RM3 post-tensioning force vs drift ratio.
Figure 4.60: Detail of the southern corner with the detached wedge and damaged concrete.
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The global response of the specimen is presented in the hysteretic diagram in Fig-
ure 4.61. This diagram shows a bi-linear response and negligible residual displacements
(see also Table 4.23), where the wall recentred after each cycle. The equivalent viscous
damping ratio ξeq, is shown in Figure 4.62 and the values presented reveal that the speci-
men had basically an elastic response, with very little energy dissipation. The last point of
the ξeq diagram shows a large increase compared with the previous ones, and the probable
cause was the degradation associated with the detachment of the wedge and, eventually,
the plastic nonlinear response of the resin and cork. Figure 4.63 shows that the degrada-
tion of the wall was confined to the area of concrete cover in the northern and southern
corners.
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Figure 4.61: Test RM3 base shear vs drift ratio.
The wall rotation evolution about the vertical axis along time is shown in Figure 4.64.
The rotations were minimal and increased as the drift ratio grew, specially in the final two
sets of cycles. In the final set of cycles the wall had residual positive rotations between
cycles.
The strains measured from the strain gauges glued to the steel bars were not considered
relevant. The maximum stresses obtained were 100 MPa in the positive direction and
30 MPa in the negative one. The qualitative values were as expected, higher strains near
the bottom and lower strains in the upper bars, with relatively low values.
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Figure 4.62: Test RM3 equivalent viscous damping ratio.
Figure 4.63: Picture of RM3 wall after testing.
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Figure 4.64: Test RM3: rotation about the vertical wall axis.
4.6.3 Tests on hybrid rocking walls
4.6.3.1 Wall specimen RM4
The wall test specimen RM4 was a precast concrete hybrid solution and the results reflect
a recentring behaviour with energy dissipation. The maximum drift ratio reached was
around 2.7% and the displacement history is shown in Figure 4.65. From this graphic, and
also from Table 4.26, a difference between the prescribed displacement history (Figure 4.27)
and the test can be observed. This difference, as already mentioned in the preliminary
tests, was due to the difference between the reading of the transducer that controlled the
displacement and the actual displacement of the specimen. The presented drift ratios
were obtained based on the four vertical displacements near the bottom of the wall, as
described in Section 4.6.1.
Figure 4.66 shows the history of the base shear and Table 4.26 presents the maximum
values for each set of cycles. It can be seen that most of the force increment occurs in
the first set of cycles for a target drift of 0.25%. This initial high force increment reduces
with the spreading of the gap opening in the bottom section and the yielding of the steel
angles. The yielding of the steel angles can be estimated from Figure 3.28 and would be
around 1 mm, which means that it is possible that the angles have reached the yielding
displacement in the first set of cycles (Figure 4.67).
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Figure 4.65: Test RM4 history of drift ratio.
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Figure 4.66: Test RM4 history of base shear force.
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Table 4.26: RM4 summary of results for base shear and drift ratio, for each set of cycles.
Base shear force (kN) Drift ratio (%)
Max Min Max Min Residual
1st Cycles 106.8 -114.8 0.22 -0.28 0.00
2nd Cycles 123.7 -129.8 0.49 -0.55 0.00
3rd Cycles 145.2 -144.3 1.03 -1.10 0.04
4th Cycles 158.8 -156.5 1.53 -1.61 0.14
5th Cycles 170.5 -160.5 2.07 -2.02 0.25
6th Cycles 179.3 -171.2 2.68 -2.69 0.51
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Figure 4.67: Test RM4 angles displacement vs time.
The post-tensioning is very important in the whole system behaviour. The application
of the post-tensioning force was carried out in a procedure similar to the one for the
previous specimen. The force applied to each strand before the test started was 180 kN
and then reduced to 130 kN.
Figures 4.68 and 4.69 show the evolution of the post-tensioning forces throughout the
cyclic test. During the test there were losses in the post-tensioning forces that started after
the force in the strands went beyond the maximum initial force of 180 kN. The values of
the post-tensioning forces at the end of each set of cycles are presented in Table 4.27.
During the test two of the plates in the post-tensioning force application system yielded.
This yielding promoted a shortening in the strands, being considered as an important
cause of the final losses of post-tensioning forces. The post-tensioning force increased up
to high values during the test.This is not the ideal response and do not represent a real
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situation. This could be explained by the short length of the strands, which led to to high
strains for low displacements. A real wall would be constructed with significantly longer
strands which would result in lower force increments.
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Figure 4.68: Test RM4 post-tensioning force vs time.
Table 4.27: RM4 test summary of post-tensioning force for each set of cycles.
Final post-tensioning force Maximum post-tensioning force
Strand N Strand S Strand N Strand S
FN (kN) ∆ FS (kN) ∆ FN (kN) ∆ FS (kN) ∆
Initial 133.0 131.9
1st Cycles 132.8 0% 131.4 0% 140.8 6% 137.4 4%
2nd Cycles 132.8 0% 131.3 0% 152.5 15% 148.7 13%
3rd Cycles 132.0 -1% 131.6 0% 177.1 33% 174.1 32%
4th Cycles 126.6 -5% 129.9 -2% 193.5 46% 194.3 47%
5th Cycles 119.4 -10% 124.0 -6% 203.0 53% 210.0 59%
6th Cycles 106.4 -20% 120.8 -8% 219.4 65% 223.7 70%
The two steel angles energy dissipaters used in the experimental test presented a good
global behaviour. The deformed shape of an angle is shown in Figure 4.70. The angle
setup is similar to the one used in Chapter 3 and the expected response is shown in Section
3.2. The evolution with time of the relative displacement between the angles vertical legs
and the base is shown in Figure 4.67.
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Figure 4.69: Test RM4 post-tensioning force vs drift ratio.
Figure 4.70: Picture of the deformed angle.
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A small slippage between the angles and the steel plates was observed, it was noticed
that until a drift ratio of 1% was reacher the slippage was essentially in the steel angle
device in the northern corner of the wall. Above this value, both angles had this relative
displacement. The origin of this slippage was the bending of the bolts in the plate holes
and the 1 mm tolerance of the bolt holes in the steel angles. There was estimated to
be a maximum of 2 mm slippage. Figure 4.71 shows the displacement of the angles as
a function of drift ratio and the slippage is evident. An ideal response would have no
slippage and all the curves would all be overlapping.
Figure 4.72 shows the vertical relative displacement between the vertical steel plates
embedded in the concrete wall and the concrete. The time scale used is equal to the other
time scales related to specimen RM4, and it can be seen that the transducers stopped
reading at the beginning of the fifth set of cycles, corresponding to the target drift ratio
of 2.0%. This was a result of the transducer connection becoming detached from the
concrete due to spalling, as illustrated in Figure 4.73. This spalling was a consequence
of the relative displacement of the plates. The maximum relative displacement measured
was about 1 mm and the reason for this displacement was identified as the lack of welding
between the plates and the steel bars that connect the plates to the concrete. The vertical
steel plates were connected to the wall using steel bars that were welded to the plate only
in one side (outside) of the plate hole instead of both sides (see Figure 4.21). As a result,
the steel bars could bend in the zone of the 1 mm bolt hole tolerance between the plates
and the steel bar.
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Figure 4.71: Test RM4 angles displacement vs drift.
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Figure 4.72: Test RM4 vertical relative displacement between connection plates and concrete.
Figure 4.73: Picture of the relative displacement transducer and concrete spalling.
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In the final set of cycles, both angles reached rupture, as illustrated in Figure 4.74.
The rupture was in the horizontal leg between the bolts, as observed in the angles tested
in Chapter 3, as shown in Figure 3.29. Figure 4.67 shows that the maximum displacement
in the angle in the southern corner of the wall was approximately 17.5 mm, which is
approximately the displacement value reached in the experimental tests carried out on the
steel angles, where the final stable cycle was for 20 mm displacement.
Figure 4.74: Specimen RM4 picture of the angle rupture.
The hysteretic response diagram, where base shear as a function of drift ratio is shown
in Figure 4.76 and in Figure 4.75 for each set of cycles separately. The response was stable
until 2% drift ratio, presenting residual displacements of 0.25% drift ratio (Table 4.26) due
to losses in the post-tensioning forces, that increased after the first cycle of 2% target drift
ratio. The failure started at the set of cycles of 2.5% target drift ratio due to the increased
losses of post-tensioning forces and cracks opening in the steel angles. Figure 4.77 shows
the equivalent viscous damping ratio as a function of drift ratio. From these results, a
value of around 12.5% equivalent viscous damping ratio can be used for design drift ratios
between 1.5% and 2.0%. The behaviour of the steel angles was as desired until the final
cycles, when rupture was achieved.
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(a) 1st set of cycles. (b) 2nd set of cycles.
(c) 3rd set of cycles. (d) 4th set of cycles.
(e) 5th set of cycles. (f) 6th set of cycles.
Figure 4.75: Test RM4 base shear vs drift ratio for each set of cycles.
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Figure 4.76: Test RM4 base shear vs drift ratio.
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Figure 4.77: Test RM4 equivalent viscous damping ratio.
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The wall rotation about the vertical axis is shown in Figure 4.78 as a function of time.
The rotations were small and grew with the increase of the drift ratio target, specially
in the last three sets of cycles, where the wall had residual positive rotations between
cycles. These rotations were not expected in this specimen as the angles should make
the connection stiffer, helping to control the undesired rotations and displacements. The
conclusion was that when the angles achieve the yielding point, the hardening stiffness
was not enough to restrain those rotations and displacements. Consequently the following
experimental tests on wall specimens included a lateral bracing system.
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Figure 4.78: Test RM4: rotation about the vertical wall axis.
4.6.3.2 Wall specimen RM5
Wall specimen RM5 was considered the final and best solution. The energy dissipaters
used were the steel angles tested in Chapter 3 designated as specimen A5. In this test
a bracing system was included. The bracing system was fabricated from steel scaffolding
tubes, clamped and welded together and to the base as shown in Figure 4.79. With the
bracing system, the rotations about the north-south axis were negligible and the measured
response was considered more reliable. Furthermore the limit target drift ratio was raised
to 3.0% and was conditioned by the high post-tensioning forces reached. The design drift
for the specimens was 2.0% and the goal was a good response up to a drift ratio of 2%
and a stable and predictable behaviour beyond that point. The global response of this
specimen was very good.
150
4.6 Experimental results
(a) Southern view. (b) Eastern view.
Figure 4.79: Pictures of specimen RM5 bracing system.
The history of drift ratio is plotted in Figure 4.80 and the extreme values are in
Table 4.28. As previously stated, the maximum target drift ratio was 3.0%. The drift
ratio results for every set of cycles were close to targets as seen in Figure 4.27. The energy
dissipater made the system more stable and the actuator response to the reverse command
more rapid. The bracing system also allowed a better control of the drift ratio.
Table 4.28: RM5 summary of results for base shear and drift ratio, for each set of cycles.
Base shear force (kN) Drift ratio (%)
Max Min Max Min Residual
1st Cycles 102.3 -116.5 0.17 -0.22 0.03
2nd Cycles 124.8 -133.0 0.45 -0.50 0.05
3rd Cycles 145.7 -149.9 0.97 -1.02 0.10
4th Cycles 161.4 -162.0 1.56 -1.51 0.16
5th Cycles 174.1 -172.8 2.07 -1.98 0.26
6th Cycles 185.1 -178.7 2.62 -2.47 0.45
7th Cycles 194.3 -184.5 3.14 -2.93 0.20
Figure 4.81 shows the history of the base shear force. An initial higher increase in the
force was observed for reasons that were already explained for specimen RM4. During
each set of cycles the maximum base shear force had small variations and the maximum
values for each set are registered in Table 4.28.
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Figure 4.80: Test RM5 history of drift ratio.
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Figure 4.81: Test RM5 history of base shear force.
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The post-tensioning forces were responsible for the elastic component of the hybrid
system and were relevant in the whole response. The application of the post-tensioning
force was made in a procedure similar to the one in the previous specimen. Once the
adjustments and the respective force losses were associated with the maximum pre-loading
applied, it was decided to increase the pre-loading in relation to the previous specimen.
The applied pre-loading was 200 kN and then reduced to 130 kN in each strand.
Figures 4.82 and 4.83 show the evolution of the post-tensioning forces during the cyclic
test. The post-tensioning forces reached very high values, reaching the characteristic 0.1%
proof-stress of prestressing steel fp0.1k, as shown in Table 4.29. Theoretically the force
corresponding to that limit is Fp0.1k =224 kN and for the sets of cycles with target drift
ratios higher than 2%, that force was exceeded. When this limit is exceeded losses in the
corresponding post-tensioning forces are expected, thus this was one of the reasons for the
decrease of the post-tensioning forces in the final sets of cycles. Furthermore, the losses
in the post-tensioning forces started when the maximum 200 kN forces was exceeded, as
expected. The losses reached 27% and the maximum force was 241.6 kN, far beyond Fp0.1k,
but also far away from rupture.
Table 4.29: RM5 test summary of post-tensioning force for each set of cycles.
Final post-tensioning force Maximum post-tensioning force
Strand N Strand S Strand N Strand S
FN (kN) ∆ FS (kN) ∆ FN (kN) ∆ FS (kN) ∆
Initial 130.2 131.3
1st Cycles 130.1 0% 131.5 0% 138.4 6% 135.8 3%
2nd Cycles 130.2 0% 131.8 0% 151.6 16% 148.4 13%
3rd Cycles 130.5 0% 133.0 1% 177.5 36% 173.0 32%
4th Cycles 130.2 0% 133.9 2% 200.6 54% 201.3 53%
5th Cycles 122.8 -6% 126.6 -4% 216.6 66% 218.4 66%
6th Cycles 115.1 -12% 120.9 -8% 228.6 76% 232.1 77%
7th Cycles 98.2 -25% 96.0 -27% 237.7 83% 241.6 84%
The energy dissipaters used had a good global behaviour. The deformed shape of an
angle is shown in Figure 4.84. The angle setup is similar to the one tested in Chapter 3
and the expected response was presented in Section 3.2. The readings of the displacement
transducers used to monitor the relative displacement between the angles vertical legs and
the base are shown in Figure 4.85.
There was some slippage between the angles and the steel plates, mainly in the angle in
the northern corner, after that both angles had that relative displacement. As explained
above, the slippage had two origins; the 1 mm tolerance of the bolt holes and the bending
of the bolts in the 1 mm plate holes. There was a maximum estimated of 2 mm slippage
if all the elements were perfectly built and aligned. Figure 4.86 shows the displacement of
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the angles as a function of drift ratio and, as for the specimen RM4. The slippage is also
evident in this diagram.
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Figure 4.82: Test RM5 post-tensioning force vs time.
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Figure 4.83: Test RM5 post-tensioning force vs drift ratio.
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Figure 4.84: Picture of the angle deformation in specimen RM5.
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Figure 4.85: Test RM5 angles displacement vs time.
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Figure 4.86: Test RM5 angles displacement vs drift.
The plates that made the connection between the angles and the concrete were welded
properly to the bars embedded into the concrete and no visible slippage of the plate
was observed. No concrete spalling was visible above the plate and the plate-concrete
connections worked as desired.
During the last set of cycles the angles in the southern corner reached rupture, as can
be seen in Figure 4.87. The rupture was in the fillet of the angle, similar to the cracks
observed in the angles tested in Chapter 3, as shown in Figure 3.33. In the same angle
a crack was forming along the first line of bolts. Figure 4.85 shows that the maximum
displacement in the in the southern angle was about 22.5 mm, which is smaller than the
displacements reached in the tests on the angles, where serious cracks where forming at
30 mm displacement. This difference could be due to the loading protocol or/and the
displacement direction. The loading protocol applied to the angles had only one cycle per
target rather than the three cycles used in the wall specimens. The displacement direction
with which the angles were tested applied a perfect vertical displacement although in the
wall specimen besides the vertical displacement there was also a rotation that induced the
angle to "open" and "close" slightly.
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Figure 4.87: Specimen RM5 picture of the southern angle rupture.
The global response can be observed in the hysteretic diagram, shown in Figure 4.89
and in Figure 4.88 for each set of cycles separately. The response was stable until 2%
drift ratio, presenting residual displacements of 0.26% (Table 4.28) after the 2% drift ratio
set of cycles. In the set of cycles of 3.0% drift ratio the response started to fail due to
the loss of post-tensioning forces and the cracks opening in the steel angles, as shown in
Figure 4.87. The hysteretic diagram also shows the slippage between the angles and the
vertical steel plate, that are visible as instantaneous losses in the base shear. Figure 4.90
shows the equivalent viscous damping ratio as a function of drift ratio. In this case, for
design drift ratios between 1.5% and 2% a value around 13.5% equivalent viscous damping
ratio can be obtained. The behaviour of the steel angles was the desired (Figure 4.84)
until the last cycles, when the rupture was achieved. Figure 4.91 shows a picture taken
during disassembly, showing that the wall had no visible damage.
The wall rotation about the vertical axis is shown in Figure 4.92 as a function of time.
The rotations were negligible and the bracing system and the angles were essential to
eliminate the undesired rotations and displacements that were present in other specimens.
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(a) 1st set of cycles. (b) 2nd set of cycles.
(c) 3rd set of cycles. (d) 4th set of cycles.
(e) 5th set of cycles. (f) 6th set of cycles.
(g) 7th set of cycles.
Figure 4.88: Test RM5 base shear vs drift ratio for each set of cycles.
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Figure 4.89: Test RM5 base shear vs drift ratio.
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Figure 4.90: Test RM5 equivalent viscous damping ratio.
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Figure 4.91: Picture of the specimen RM5 western side after test.
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Figure 4.92: Test RM5: rotation about the vertical wall axis.
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4.6.4 Test on a post-tensioned rocking wall
The wall specimen RM6 was a post-tensioned rocking wall. The reinforced concrete wall
tested was the same as for specimen RM5, and the objective was to evaluate the wall
specimen without energy dissipaters. The southern corner of the wall specimen is shown
in Figure 4.93, where the vertical steel plate is visible, which can change the wall response
in relation to the typical reinforced concrete wall, as in specimens RM1 and RM2. The test
setup included the same bracing system as in specimen RM5 with the previously referred
to advantages. In this test, the drift ratio target reached 3.0%. The test was ended because
very high post-tensioning forces were reached making it unsafe to go further. As referred
to in the previous specimen, the design drift for the tested specimens was 2.0%, which
means that the objective was a perfect response until 2.0% drift ratio and a stable and
predictable behaviour beyond that point.
Figure 4.93: Picture of the specimen RM6 southern corner.
The drift ratio as a function of time is plotted in Figure 4.94 and the extreme values
are presented in Table 4.30. As was previously referred to, the maximum target drift
ratio was 3.0%, being the actual drift ratios different from the desired ones and showed in
Figure 4.27. Most of the actual drift ratios were higher than the target ones (see Figure
4.27). The reason for these differences was, as already mentioned in other specimens, the
difference from the control displacement transducer to the actual wall displacement.
The base shear in specimen RM6 as a function of time is shown in Figure 4.95. There
is initially a more rapid increase of the base shear force that has been already referred to
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and the origin is the lifting of the wall. The maximum values for each set of cycles are
shown in Table 4.30.
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Figure 4.94: Test RM6 history of drift ratio.
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Figure 4.95: Test RM6 history of base shear force.
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Table 4.30: RM6 summary of results for base shear and drift ratio, for each set of cycles.
Base shear force (kN) Drift ratio (%)
Max Min Max Min Residual
1st Cycles 54.4 -74.5 0.11 -0.36 0.01
2nd Cycles 71.2 -80.3 0.42 -0.64 0.01
3rd Cycles 81.6 -89.2 1.02 -1.20 0.01
4th Cycles 91.2 -96.5 1.62 -1.73 0.02
5th Cycles 96.9 -102.2 2.26 -2.27 0.07
6th Cycles 100.6 -105.6 2.91 -2.79 0.05
7th Cycles 103.8 -106.2 3.44 -3.32 0.08
The post-tensioning, in the case of this specimen, was the only connection of the wall
to the base and the only source of strength. The application of the post-tensioning force
was made in a procedure similar to the one in the previous specimens. Due to some
problems in the mechanical post-tensioning force application system, the maximum pre-
loading applied was only 190 kN in each strand, which was reduced to 130 kN at the
beginning of the test.
The response of the post-tensioning was very similar to specimen RM5. Figures 4.96
and 4.97 show the evolution of the post-tensioning forces during the cyclic test. For
the set of cycles with the target drift of 2.0% the maximum force, from Table 4.31, was
217.7 kN, near the theoretical limit Fp0.1k =224 kN. For the last two sets of cycles the
force reached values higher than Fp0.1k. The losses in the post-tensioning forces started
when the 190 kN force was reached in each strand, for the same reasons as explained for
the other experimental wall tests. The losses achieved 35% and the maximum force was
239.7 kN, far beyond Fp0.1k, but also far away from rupture.
Table 4.31: RM6 test summary of post-tensioning force for each set of cycles.
Final post-tensioning force Maximum post-tensioning force
Strand N Strand S Strand N Strand S
FN (kN) ∆ FS (kN) ∆ FN (kN) ∆ FS (kN) ∆
Initial 133.5 131.2
1st Cycles 133.4 0% 131.3 0% 145.6 9% 136.6 4%
2nd Cycles 133.3 0% 131.3 0% 158.5 19% 147.0 12%
3rd Cycles 133.3 0% 131.3 0% 184.1 38% 174.3 33%
4th Cycles 126.7 -5% 128.7 -2% 203.5 52% 200.0 52%
5th Cycles 116.9 -12% 118.4 -10% 217.7 63% 217.0 65%
6th Cycles 102.5 -23% 103.7 -21% 229.9 72% 230.2 75%
7th Cycles 86.6 -35% 87.7 -33% 238.6 79% 239.7 83%
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Figure 4.96: Test RM6 post-tensioning force vs time.
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Figure 4.97: Test RM6 post-tensioning force vs drift.
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The global response can be observed in the hysteretic diagram, shown in Figure 4.98
and in Figure 4.99 for each set of cycles separately. This figure shows the bi-linear response
with the softening zone for drift ratios smaller than 0.5% and an elastic response that
always resulted in a very small residual drift ratio, as shown in Table 4.30. In the response
diagram the sets of cycles should be overlapping, but the losses in the post-tensioning forces
made the cycles slightly different. The response was essentially elastic and consequently,
the equivalent viscous damping ratio was small, near 2.0% for drift ratios higher than
0.5%, as shown in Figure 4.100. Figure 4.102 shows a picture taken during disassembly,
showing almost no damage to the wall with only small cover spalling zones.
The wall rotation about the vertical axis is shown in Figure 4.101. This specimen with
no energy dissipaters had small rotations that increased throughout the test. After the
third set of cycles, a negative residual rotation was increasing and accumulating. This
rotation was minimal and had little influence on the test results.
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Figure 4.98: Test RM6 base shear vs drift ratio.
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(a) 1st set of cycles. (b) 2nd set of cycles.
(c) 3rd set of cycles. (d) 4th set of cycles.
(e) 5th set of cycles. (f) 6th set of cycles.
(g) 7th set of cycles.
Figure 4.99: Test RM6 base shear vs drift ratio for each set of cycles.
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Figure 4.100: Test RM6 equivalent viscous damping ratio.
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Figure 4.101: Test RM6: rotation about the vertical wall axis.
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Figure 4.102: Picture of the specimen RM6 eastern side after test.
4.7 Numerical models for tested wall specimens
4.7.1 Compatibility condition for wall-base joint
In reinforced concrete rocking wall systems the rocking movements cause a gap to open
between the wall and the base. As one side of the wall lifts, the compressive forces are
concentrated in the side of the wall remaining in contact with the base. This results in a
curvature in the compression zone and a plane surface in the zone where the gap opens,
creating a compatibility problem. When an approximate method is used, like a rectangular
stress block or a parabola-rectangle stress distribution, without a check on the maximum
compressive strain this problem can be bypassed. When the concrete compressive strain
is needed, this problem has to be solved.
To overcome this problem, Pampanin et al. (2001) developed a procedure named Mono-
lithic Beam Analogy (MBA) where a theoretical curvature is defined by comparing the
system to an equivalent monolithic solution (Figure 4.103). Based on the work of Pam-
panin et al. (2001), Palermo (2004) presented a solution distinguishing the following three
cases:
Case 1. 0 ≤ ∆ ≤ ∆dec
The first case corresponds to the situation before the decompression point is reached.
Within this range all the section is compressed and the displacement of the real element
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Figure 4.103: Monolithic beam analogy for reinforced concrete elements (extracted from Pam-
panin et al. (2001)).
and the monolithic equivalent is given by the equation 4.8. Within this range, there was
no need to use a special procedure, since the curvature of the section can be calculated
by φ = M/(EI), being M the section bending moment and EI the bending stiffness of the
gross area.
∆ = ∆mon = φ
L2cant
3
(4.8)
where,
∆ is the displacement of the real element;
∆mon is the displacement of the equivalent monolithic element;
φ is the theoretical curvature;
lcant is the length until the point of contraflexure (cantilever length).
Case 2. ∆dec ≤ ∆ ≤ ∆y
After the decompression point, the wall lifts and a gap opens. The theoretical curvature
of the equivalent monolithic element is given by the equation 4.9. For this case, the rotation
limits are presented in the inequations 4.10.When the equivalent monolithic element can
reach a yielding point, that point corresponds to the limit range for this second case. These
formulas do not take into consideration the wall deformation after the decompression, and
the displacement results from the elastic displacement at the decompression point plus the
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displacement due to the bottom rotation.
φ = 3
θ
lcant
+ φdec (4.9)
0 ≤ θ ≤ (φy − φdec)
lcant
3
(4.10)
where,
θ is the rotation of the bottom of the real element;
φdec is the curvature at the decompression point;
φy is the curvature at the yield point.
Case 3. ∆y ≤ ∆ ≤ ∆u
The third case is after the development of a plastic hinge in the monolithic element.
The theoretical curvature of the equivalent monolithic element is given by the equa-
tion 4.11. The range in rotation of this case is presented in inequations 4.12 and it lies
between the moment of the plastic hinge formation till the maximum rotation capacity of
the plastic hinge.
φ =
3
θ
lcant
− (φy − φdec)
3lp
lcant
(
1 − lp
2lcant
) + φy (4.11)
(φy − φdec)
lcant
3
≤ θ ≤ (φu − φy)lp
(
1 − lp
2lcant
)
+ (φy − φdec)
lcant
3
(4.12)
where,
φu is the ultimate curvature;
lp is the length of the plastic hinge in the equivalent monolithic element.
4.7.2 Numerical procedure for shear base-drift ratio analysis
To calculate the base shear as a function of the drift ratio, the prime task was the quan-
tification of the moment-rotation in the bottom section. The rotation was estimated
from zero to the point where the strands reached the characteristic 0.1% proof stress of
fp0.1k=1600 MPa. The rotation is zero until the decompression point is reached. With
the bottom rotation, the drift ratio was obtained by calculating the top displacement and
dividing it by the height of the wall. The shear base was obtained by dividing the bending
moment in the bottom section by the height of the wall.
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- Moment-rotation
Adapting the procedure from Pampanin et al. (2001), seven steps may be considered
to obtain the bending moment for a given rotation:
1. Fix the rotation, θ;
2. Consider an initial neutral axis depth;
3. Evaluate the displacements at post-tensioned strands and steel angle positions;
4. Estimate the compression strains in the concrete, end plates and steel angles;
5. Equilibrate the forces in the bottom section and obtain a new value of neutral axis
depth;
6. Consider the new neutral axis depth and go to step 3 until converge;
7. Evaluate bending moment capacity.
To complement the listed steps, Figure 4.104 shows a deformed wall with the forces in
the bottom section of the wall. The shown vertical forces are the post-tensioning forces
Fpns and Fpss, the tension force acting in the northern steel angle Fta (considered to
be concentrated in the first line of bolts), the compressive force in the concrete Fcc, the
compressive force in the plate on the edge of the wall Fcp and compressive force in the
compressed steel angle Fca (considered to be acting in the centre of the vertical leg). The
post-tensioning forces were considered to be always acting vertically. The compressive
stresses in the concrete were calculated using the EC2 stress-strain relation for nonlinear
structural analysis in equation 4.13. The stress in the steel plate was calculated using the
strain in its centre, being the stress limited by the grout strength located under the plate.
The compressive stress in the compressed angle was calculated for the strain estimated in
the centre of the vertical leg.
σc
fcm
=
kη − η2
1 + (k − 2)η (4.13)
where,
σc is the concrete stress;
εc is the concrete compressive strain;
η = εc/εc1 ;
k = 1.05Ecm × |εc1|/fcm .
Table 4.32 summarises the general information needed for the numerical model. The
concrete is a C30/37 and the mean values for the modulus of elasticity Ecm and compressive
strength fcm as well as the strains corresponding to the compressive strength εc1 and to
the ultimate compressive strain εcu1 are shown. In wall information, the cross section
dimensions, the height of the horizontal H load and the concrete cover cc are shown. The
post-tensioned was composed by two strands, being their unbonded length lub measured
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Figure 4.104: Forces in the base section of a deformed wall.
from the bottom anchorages to the top anchorages. The initial post-tensioning force was
considered to be equal in all cases and the initial stress used was fp0 = 930 MPa, that
corresponds to a post-tensioning force of 130 kN.
Table 4.32: Values used in the numerical model for concrete, geometric and post-tensioning steel.
Concrete Wall geometry Post-tensioning
Ecm (GPa) 33 lw (m) 0.8 fpk (MPa) 1860
fcm (MPa) 38 bw (m) 0.125 fp0.1k (MPa) 1600
εc1 (%) 2.2 H (m) 1.58 Ep (GPa) 195
εcu1 (%) 3.5 cc (m) 0.01 lub (m) 2.36
Ap/strand (mm
2) 140
fp0 (MPa) 930
4.7.3 Post-tensioned wall
The post-tensioned wall analysed with this numerical model was specimen RM6. The
forces involved in this analysis were the ones listed above and shown in Figure 4.104,
excluding the forces acting in the steel angles. To solve the bottom section compatibility
problem, as no yield could be reached, the Case 3 was not used. The force acting on steel
plate on the edge of the wall inside the compression area was limited to take into account
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the grout below. This stresses transmitted from the plate to the grout were limited to
the compressive strength of the grout, that was tested and resulted in a strength about
60 MPa, thus the maximum force allowed was 60 × (15 × 125)/1000 = 112.5 kN.
Figure 4.105 shows the force-displacement diagram for specimen RM6, compared with
the experimental test results. The simulation was stopped when the stress in the most
tensioned strand reached fp0.1k. From the figure it can be observed that a good agreement
was achieved. At 2.0% drift ratio, the numerical simulation ended and the experimental
test showed a tendency to deviate from the numerical due to losses in the post-tensioning
force, as reported in Section 4.6.4. The post-tensioning forces are shown in Figure 4.106,
where can be seen the experimental values and the numerical values. The losses in the
post-tensioning forces can be seen by comparing the several values corresponding to a drift
ratio of zero. The numerical values correspond to the ideal response and should be said
that the experimental tests would have ended for lower drift ratios if there were no losses
in the post-tensioning forces.
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Figure 4.105: Numerical model of the specimen RM6.
4.7.4 Hybrid rocking wall
The hybrid solutions tested were specimens RM4 and RM5. The forces involved were
shown and explained above. To solve the bottom section compatibility problem, the Case 3
was not considered. This was an approximation that resulted in minor differences in the
neutral axis position, thus the response is reliable. This simplification was made after
some numerical parametric studies and as was difficult to estimate the yielding point and
the response was little affected, the option was not to consider Case 3. As was explained
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Figure 4.106: Numerical model of RM6 post-tensioning force vs drift.
above for the post-tensioned wall, the compressive stress between the steel plate and the
grout was limited by the grout strength.
To obtain these numerical simulations the parameters used were the prescribed ones,
not taking directly into consideration the experimental tests for the steel angles or for
the walls. Taking this into account, simplified bi-linear idealisations for the steel angles
response were used, calibrated from the analytical model presented in Section 3.4. These
models are shown in Figures 4.107 and 4.108.
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Figure 4.107: Bi-linear idealisation of the specimen A4 analytical response.
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Figure 4.108: Bi-linear idealisation of the specimen A5 analytical response.
The parameter a needed for the analytical models, referred in Section 3.4, was con-
sidered equal to 2. These bi-linear idealisations can give an overall good approximation.
When compared with the experimental tests, the analytical model presents an error in the
displacement range between 1 mm and 8 mm that reaches about 10% as can be seen in
Figures 3.56 and 3.57 for specimen A4 and A5, respectively.
The force-displacement diagrams for the numerical simulations of specimens RM4 and
RM5 are shown in Figures 4.109 and 4.110, along with the experimental tests results.
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Figure 4.109: Numerical model of the specimen RM4 base shear vs drift.
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Figure 4.110: Numerical model of the specimen RM5 base shear vs drift.
As for specimen RM6, the simulation was stopped when the stress in the most ten-
sioned strand reached fp0.1k. The agreement between the numerical and the experimental
results is good. The differences were attributed mainly to the bi-linear force-displacement
idealisation considered for the steel angles. Another simplification that may lead to dif-
ferences is the bending of the vertical leg in the compressed steel angle. This bending to
accommodate the wall rotation could make a small increment to the horizontal force.
The post-tensioning forces are shown in Figures 4.111 and 4.112.
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Figure 4.111: Numerical model of RM4 post-tensioning force vs drift.
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Figure 4.112: Numerical model of RM5 post-tensioning force vs drift.
The losses in the post-tensioning forces can be seen by comparing the several values
corresponding to a drift ratio of zero. The numerical values correspond to the ideal
response with no losses in the post-tensioning forces.
Figures 4.113 and 4.114 show the response of the steel angles in the numerical models
and compared to the experimental tests.
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Figure 4.113: Numerical model of RM4 angles displacement vs drift.
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Figure 4.114: Numerical model of RM5 angles displacement vs drift.
In the tests, the steel angles slipped in relation to the wall and that is visible in the
figures. This is the main cause for the difference between the numerical model and the
experimental tests. In the tests, the angles slipped when they were pushed and pulled, so
along time there are some instances where the numerical and experimental values overlap.
The differences between the bi-linear idealisation and the experimental tests have al-
ready been mentioned, but one other simplification can also have a small influence in the
response. This simplification is the vertical displacement applied during the experimental
tests on the steel angles, instead of a vertical displacement with a small rotation as in the
experimental tests on the walls.
For these numerical wall specimen simulations, a perfect connection between the wall
and the steel angles was assumed. The slippage between the angle and the steel plate built
into the wall was assumed to be zero as well as the deformation of the bolts that connect
the steel angles to the same plate. A perfect connection was also assumed between the
built into steel plate and the concrete.
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4.8 Conclusions
The study of post-tensioned precast concrete rocking walls with or without energy dis-
sipaters included experimental and numerical work. The experimental work showed the
effectiveness of these systems for cyclic actions and a good behaviour of the steel angle
dissipation devices. The numerical work showed a good agreement with the experimental
work.
Six precast concrete wall specimens were tested, three preliminary post-tensioned walls,
two hybrid wall systems and a final post-tensioned wall. The walls were designed for a
drift ratio of 2%. This implies that the post-tensioning has to be within the elastic
range at that drift ratio, otherwise losses in the initial post-tensioning force would be
expected, which means that, in the case of the hybrid systems, the ratio between the post-
tensioning recentring forces and the forces of the dissipation devices would be changed
and the recentring behaviour of the system would be at risk.
The three preliminary tests (wall specimens RM1, RM2 and RM3) were made with
the purpose of testing and optimising the laboratory setup. Throughout these tests, the
construction method for the joint between the wall and the base was developed, as some
problems were detected in the first wall. It was believed that the wall could slip and two
displacement blockers were used in the first test, but it was concluded that they were not
necessary and could even cause problems in the analysis of the wall behaviour. The main
problem that was detected, and solved only in the following tests, was the lack of bracing
of the wall in the transversal direction. The first two walls tested (RM1 and RM2) were
post-tensioned and had an elastic behaviour, having no significative energy dissipation.
The third wall tested (RM3) was a post-tensioned wall including two resin and cork wedges
in the bottom with the purpose of dissipating energy. Due to a scaling problem, the resin
and cork did not respond as expected and there was no significative energy dissipation.
The two hybrid wall systems were post-tensioned walls with steel angles as energy
dissipaters. The steel angle solutions used were similar to the ones identified as A4 and
A5 in Chapter 3. The first was a steel angle with welding along the edge and was used
in wall specimen RM4. The second was a steel angle with a second line of bolts and was
used in wall specimen RM5.
The hybrid systems, specimens RM4 and RM5, presented energy dissipation and equiv-
alent viscous damping ratios of 12.5% for RM4 and 14% for RM5 at a drift ratio of 2%,
which are usual values for a hybrid solution. The final post-tensioned rocking wall solu-
tion, specimen RM6, resulted in equivalent viscous damping ratios of approximately 3%,
which can be considered as an elastic response.
The main problem that was faced in these experimental tests was the loss of post-
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tensioning forces. This was not desired, but should not be given too much significance,
as it was mainly caused by the short length of the strands, a situation that would not
normally be found in a real structure. In the southern strand, for a drift ratio of 2%, the
post-tensioning force losses were 6%, 4% and 2% for the specimens RM4, RM5 and RM6,
respectively. In the northern strand, for a drift ratio of 2%, the post-tensioning force losses
were 10%, 6% and 5% for the specimens RM4, RM5 and RM6, respectively.
The maximum drifts that were reached in the final three walls were 2.5%, 3.0% and
3.5% for specimens RM4, RM5 and RM6, respectively. High values for the post-tensioning
forces were reached as a consequence of the short length of the strands, with maximum
values of 223.7 kN, 241.6 kN and 239.7 kN for specimens RM4, RM5 and RM6, respectively.
The steel angles used in specimens RM4 and RM5 cracked for the maximum drifts, as can
be seen in Figures 4.74 and 4.87, having reached maximum displacements of about 17.5 mm
and 22.5 mm in specimens RM4 and RM5, respectively.
In all the wall specimens the maximum reached drift ratio was at least 2%, with the
end of the tests being caused by the lack of transversal bracing, excessive stresses in the
strands or the rupture of the angles. A bracing system was used in tests RM5 and RM6
allowing the strand stress to influence the maximum drift ratio. This drift ratio would
have been even higher if the strands had been longer.
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5.1 Introduction
To complement the experimental work, a seismic case study was carried out to illus-
trate the rocking wall post-tensioned solutions proposed and tested experimentally. Direct
displacement-based design (DDBD) methodology was used in determining design forces
since it was considered more suitable for estimating structural response. In this method-
ology the structure was designed for the design drift. The design drift can be prescribed
by code or material strain limits. The seismic action considered had a return period of
475 years as defined by EN 1998-1 (2004).
5.2 Direct displacement-based design procedure
In this section, the main steps for the DDBD procedure that were applied in this chapter
are presented. Some specific steps for each structural system are explained in the respective
calculation section. The DDBD concepts were mainly based on Priestley (1998), Priestley
(2002), Priestley (2003), Priestley et al. (2007) and NZCS (2010). The basic concepts of
DDBD are explained in Section 2.5.1.
To begin the DDBD procedure, a multi degree of freedom (MDOF) structure is con-
verted into an equivalent single degree of freedom (SDOF) system, as illustrated in Figure
5.1. For this conversion, it is necessary to assume an inelastic deformed shape for the
MDOF structure, that depends on the type of structure and is defined for each specific
structural solution.
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me
he
mi
hi
∆i
∆d
MDOF SDOF
Figure 5.1: Conversion of MDOF to SDOF system (adapted from NZCS (2010).
Knowing the displacement profile for the MDOF structure, the SDOF structure design
displacement ∆d is calculated with equation 5.1, where mi is the mass at the floor i.
∆d =
n
∑
i=1
(mi∆2i )
n
∑
i=1
(mi∆i)
(5.1)
To complete the definition of the SDOF structure, the structure effective mass me and
the structure effective height he are obtained with equations 5.2 and 5.3, where hi is the
height of floor.
me =
n
∑
i=1
(mi∆i)
∆d
(5.2)
he =
n
∑
i=1
(mi∆ihi)
n
∑
i=1
(mi∆i)
(5.3)
With the equivalent SDOF system defined, the equivalent viscous damping ratio needs
to be estimated. The damping is a parameter that depends on the type of structure and
on the expected demand ductility and is estimated for each structural solution. With the
equivalent viscous damping ratio, the displacement response spectrum corresponding to
the structure location is built. Having the spectrum and the design displacement ∆d, the
effective period of vibration Te of the SDOF system at the design displacement is obtained.
The effective stiffness ke of the SDOF system at the design displacement is then calculated
with expression 5.4.
ke = 4π2
me
T 2e
(5.4)
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As illustrated in Figure 5.2, with ∆d and ke, the total base shear VB results from
equation 5.5. In Figure 5.2, kcr is the stiffness of the structure with cracked sections, VBy
the base shear at yield and ∆y the displacement at yield.
∆
V
∆d∆y
VB
VBy
ke
kcr
r.kcr
Figure 5.2: Effective stiffness of the SDOF system at the design displacement.
VB = ke∆d (5.5)
The next step is to distribute the total base shear force between the floors. In Figure
5.3 the distribution of the forces for each floor of the MDOF system is illustrated. These
forces are calculated with equation 5.6, where Fi is the horizontal force at floor i.
VBVB
VB
F1
F2
F3
F4
F5
F6
Figure 5.3: Distribution of base shear in MDOF system.
Fi = VB
mi∆ihi
n
∑
i=1
(mi∆i)
(5.6)
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5.3 Case study structure
The structure considered for this case study was a regular 6 storey precast concrete res-
idential building. The plan dimensions are shown in Figure 5.4. Hollowcore slabs with
a span of 7 m were considered with a thickness of 0.15 m plus a 0.05 m topping layer
of concrete. As illustrated in Figure 5.5, the structure has 6 floors with 3 m intervals.
The dimensions of the cross sections were defined for each system and are shown in the
respective section. For simplification, the building stairs and lift shafts are not represented
or taken into account in the design. It is assumed that their location do not change the
centre of mass of the slabs, not having significant influence in the design.
The lateral seismic resisting systems were two frames in the longitudinal direction
and two walls in the transverse direction. An emulation of a monolithic solution and a
post-tensioned hybrid solution were analysed.
The two frames in the transverse direction were designed to carry only gravity loads
and resist the demand lateral seismic displacements.
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Figure 5.4: Case study structure floor plan.
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Figure 5.5: Case study structure frame elevation.
5.4 Materials
The case study was a reinforced concrete structure. Three types of steel were used, re-
inforcing steel for the longitudinal and transversal reinforcing bars, prestressing steel for
the post-tensioning bars and steel for the angles used in the hybrid solution. The specified
concrete was C30/37. Depending on the confinement, it was considered to have different
stress-strain relations. Three different relationships were considered: unconfined concrete;
concrete confined by transverse reinforcement and concrete confined by transverse rein-
forcement with an external protective steel cover plate.
5.4.1 Steel for reinforcing bars
The reinforcing steel used for the design was grade A500NR, according to EC2 (EN 1992-
1-1, 2004). The characteristic yield stress value of the steel used is fyk = 500 MPa. The
EC2 maximum characteristic stress can be obtained with Kfyk, being K a value between
1.15 and 1.35 for a steel ductility class C. For this study, the value of K = 1.25 was
used. The characteristic strain at maximum force was assumed to be equal to εuk = 7.5%,
that corresponded to the minimum value for a steel ductility class C. Considering the
referred values and a modulus of elasticity of Es = 200 GPa, the stress-strain relation
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with characteristic values was built and is shown Figure 5.6. When needed, an estimation
of mean values using a factor of 1.1 was used.
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Figure 5.6: Stress-strain characteristic values relation for A500NR reinforcing steel.
5.4.2 Steel for angles
The steel used for the angles in the case study was grade S355. According to EC2 (EN 1993-
1-1, 2005) and EN 10025-2 (2004), the considered nominal yield strength was fy = 355 MPa
and the nominal ultimate tensile strength ft = 510 MPa, values that could be considered
for nominal thicknesses up to 40 mm. The elastic modulus was Es = 210 GPa (EN 1993-
1-1, 2005) and the elongation at failure εsu = 22% (EN 10025-2, 2004). The stress-strain
relation with nominal values was built and is shown Figure 5.7. The nominal values were
considered as mean values when needed.
5.4.3 Prestressing steel
To design the post-tensioned hybrid system, post-tensioning Dywidag bars with a diam-
eter of 57 mm were used. These bars have a characteristic 0.1% proof-stress of fp0.1k =
835 MPa, a characteristic tensile strength of fpk = 1035 MPa and a modulus of elasticity
of Ep = 205 GPa.
5.4.4 Concrete
The concrete used for this case study structure was C30/37. Depending on the wall
section zone and detailing solution, unconfined and confined concrete was considered. For
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Figure 5.7: Stress-strain nominal values relation for S355 steel.
the unconfined concrete, the EC2 stress-strain relation for nonlinear structural analysis
was used. For the confined stress-strain relation, Mander’s model (Mander et al., 1988)
was used. For the case where the confinement was due to transverse reinforcement and
external protective steel cover, an adaptation of Mander’s model developed by Marriott
(2009) was used.
EC2 stress-strain relation for nonlinear structural analysis
For unconfined concrete, the model presented by EC2 was used. The stress-strain relation
for unconfined concrete prescribed by EC2 is given in equation 5.7. Taking into consider-
ation the C30/37 concrete and the respective EC2 parameters, the obtained stress-strain
curve is shown in Figure 5.8. The values used for the parameters were the strain cor-
responding to unconfined concrete compressive strength of εc1 = 2.2%, the ultimate
compressive strain in the concrete of εcu1 = 3.5%, the mean value of concrete cylinder
compressive strength of fcm = 38 MPa and the secant modulus of elasticity of concrete of
Ecm = 33 GPa.
σc
fcm
=
kη − η2
1 + (k − 2)η (5.7)
where,
σc is the concrete stress;
εc is the concrete compressive strain;
η=εc/εc1 ;
k = 1.05Ecm × |εc1|/fcm .
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Figure 5.8: C30/37 stress-strain relation for nonlinear structural analysis.
Mander’s model for confined concrete (Mander et al., 1988)
For confined concrete, where the confinement was given by transverse reinforcement, the
model presented by Mander et al. (1988) was used. The stress-strain model presented
by Mander et al. (1988) was based on an equation presented by Popovics (1973). The
stress of the confined concrete σcc was calculated using equation 5.8, depending on the
compressive strength of confined concrete fcm,c and two parameters x and r.
σcc =
fcm,cxr
r − 1 + xr (5.8)
where,
x =
εc
εcc
(5.9)
r =
Ec
Ec −Esec
(5.10)
Equation 5.11 gives the concrete tangent modulus of elasticity at the origin Ec. The
concrete secant modulus of elasticity Esec was calculated by equation 5.12.
Ec = 5000
√
fcm (5.11)
Esec =
fcm,c
εcc
(5.12)
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The strain corresponding to confined concrete compressive strength εcc was obtained
by equation 5.13, as suggested by Richart et al. (1928). For parameters corresponding
to unconfined concrete, EC2 values were assumed, thus the strain corresponding to the
compressive strength of unconfined concrete was εc1 = 2.2%and the compressive strength
of unconfined concrete fcm = 38 MPa.
εcc = εco
[
1 + 5
(
fcm,c
fcm
− 1
)]
(5.13)
For rectangular cross sections, Mander et al. (1988) use a confinement chart to estimate
the concrete strength enhancement factor kc. Equations 5.14, 5.15 and 5.16 were suggested
by Wang and Restrepo (2001) as an alternative to the referred chart and were adopted
for this study as being easier to compute. In the expressions, f1 and f2 are the maximum
and minimum effective lateral confining pressures from the confining pressures fly and flz.
fcm,c
fcm
= kc = α1α2 (5.14)
α1 = 1.25
(
1.8
√
1 + 7.94
f1
fcm
− 1.6 f1
fcm
− 1
)
(5.15)
α2 =
[
1.4
f2
f1
− 0.6
(
f2
f1
)2
− 0.8
]
√
f1
fcm
+ 1 (5.16)
The effective lateral confining pressure in each direction, fly and flz, were calculated
using equations 5.17 and 5.18. These equations take into account the lateral pressure
mobilised by the transverse reinforcement, ρyfsh and ρzfsh, with a correction factor to
take into account the difference between the confined core Acc and the effectively confined
core Ae. This correction was made with the confinement effectiveness coefficient ke defined
in equation 5.19. The transverse reinforcement stress fsh was considered equal to the yield
stress fyh, as defined by Mander et al. (1988). In Figure 5.9a the effectively confined core,
as well as the ineffectively confined core and the unconfined concrete are shown and in
Figure 5.9b the smeared model used for the calculations (Mander et al., 1988).
fly = keρyfsh (5.17)
flz = keρzfsh (5.18)
ke =
Ae
Acc
=
(
1 −
n
∑
i=1
(w′i)
2
6bybz
)(
1 − s
′
2by
)
(
1 − s
′
2bz
)
(1 − ρcc)
(5.19)
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where,
ρy is the ratio between the transverse reinforcement area and the section core area in the
y direction, ρy = Ashy/(bzs);
ρz is the ratio between the transverse reinforcement area and the section core area in the
z direction, ρz = Ashz/(bys);
ρcc is the ratio between the longitudinal reinforcement area and the section core area;
by is the concrete core dimension to centre line of transverse reinforcement in the y direc-
tion;
bz is the concrete core dimension to centre line of transverse reinforcement in the z direc-
tion;
s′ is the clear longitudinal spacing between transverse reinforcement;
w′i is the i
th clear transversal spacing between longitudinal reinforcement.
s
w’
b y
bz
Unconfined Effectively
confined
confined
concrete
concrete
concreteIneffectively
AA
Section A-A
(a) Effectively confined core.
b y
bz
Unconfined concrete
Confined concrete (smeared)
(b) Smeared model.
Figure 5.9: Confinement zones for rectangular hoop reinforcement (Mander et al., 1988).
To determine the ultimate confined concrete compressive strain εcu,c, Scott et al. (1982)
suggested that this stage corresponds to the first rupture of the transverse reinforcement.
Following this principle, Mander et al. (1988) developed equations for the energy balance
approach at the rupture of the transverse reinforcement. According to the research quoted,
Priestley et al. (1996) published equation 5.20 that was used in this case study, which
Priestley et al. (1996) considered as being very conservative.
εcu,c = 0.004 +
1.4ρvfyhεsu
fcm,c
(5.20)
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The ratio between the transverse reinforcement area and the section core area ρv was
calculated using equation 5.21, where s is the longitudinal spacing between transverse
reinforcement.
ρv = ρy + ρz (5.21)
where,
s is the longitudinal spacing between transverse reinforcement;
Ashy is the total area of transverse reinforcement in the y direction;
Ashz is the total area of transverse reinforcement in the z direction.
Confinement with concrete cover protection
When a column or a wall concrete section has an external protection cover, the concrete
will have more confinement than the solution with only transverse reinforcement. This
protection can be a steel plate or a fiber reinforced polymer (FRP). The additional con-
finement supplied by the protection depends on its characteristics and on the detailing of
the connections between the protection and the concrete. Marriott (2009) suggested three
simple methods to estimate the confinement for these cases. The first method consisted in
ignoring the contribution of the protection, considering only the confinement due to the
transverse reinforcement. The second method consisted in expanding the ineffectively con-
fined area in the confined core to the area outside the transverse reinforcement. The third
method consisted in considering the concrete, that in the Figure 5.9a is identified as inef-
fectively confined, as moderately confined concrete and the cover concrete as ineffectively
confined.
From the three methods mentioned above, the second one was adopted for this study.
To use this method, a modification to the equation 5.19, corresponding to the confinement
effectiveness coefficient ke was made, leading to equation 5.22. This modification was to
calculate the coefficient using the section gross area instead of the area of the confined
core.
ke =
Ae
Ag
=
(
1 −
n
∑
i=1
(w′i)
2
6bybz
)(
1 − s
′
2by
)
(
1 − s
′
2bz
)
(1 − ρcc)
× Acc
Ag
(5.22)
where,
Ag is the section gross area.
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5.5 Definition of seismic action
The building structure was assumed to be located in Lagos, a town in the South West of
Portugal. The seismic action was defined according to EN 1998-1 (2004) (EC8) and the
respective Portuguese National Annex. The building was classified with an importance
class II. The National Annex defines two types of seismic actions: type 1 and type 2.
In this study only type 1 seismic action was considered, as this leads to higher seismic
displacements. The building location corresponds to zone 1 for type 1 seismic action. A
ground type C was assumed in the design.
The EN 1998-1 (2004) design response spectrum for Ultimate Limit States (ULS) has
a 475 year return period, corresponding to 10% probability of being exceeded in 50 years.
The response spectrum is defined in equations 5.23. The presented equations give the
mass acceleration for a single degree of freedom system function of the system period.
The spectrum has three straight lines and a final curve. The period limit defined in the
main part of the code is 4 s, but it is possible to define beyond that period using a code
annex. The ground acceleration ag depends on the reference acceleration agR and the
importance class (ag = γI .agR), where γI is the importance factor that depends on the
building use.
0 ≤ T ≤ TB : Se(T ) = ag S
[
1 +
T
TB
(η 2.5 − 1)
]
(5.23a)
TB ≤ T ≤ TC : Se(T ) = ag S η 2.5 (5.23b)
TC ≤ T ≤ TD : Se(T ) = ag S η 2.5
[
TC
T
]
(5.23c)
TD ≤ T ≤ 4s : Se(T ) = ag S η 2.5
[
TC TD
T 2
]
(5.23d)
where,
Se(T ) is the elastic acceleration response spectrum;
T is the vibration period of a linear single-degree-of-freedom system;
ag is the design ground acceleration on type A ground (ag = γI .agR);
TB is the lower limit of the period of the constant spectral acceleration branch of the
spectrum;
TC is the upper limit of the period of the constant spectral acceleration branch of the
spectrum;
TD is the value defining the beginning of the constant displacement response range of the
spectrum;
S is the soil factor;
η is the damping correction factor with a reference value of η = 1 for 5% viscous damping;
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agR is the reference peak ground acceleration.
When the structural damping to be considered is different from 5%, a correction factor
can be calculated from equation 5.24.
η =
√
10
5 + ξ
≥ 0.55 (5.24)
where ξ is the viscous damping ratio of the structure, expressed as a percentage.
To obtain the displacement spectrum, equation 5.25 can be used.
SDe(T ) = Se(T )
[
T
2π
]2
(5.25)
where SDe is the elastic displacement response spectrum.
The values for the parameters needed to complete the equations were defined by the
Portuguese National Annex and, for this case study, are shown in Table 5.1. In Figure 5.10,
displacement spectra for this case are shown taking into consideration different viscous
damping ratio values.
Table 5.1: EC8 spectrum parameters.
agR γI S TB TC TD
(m/s2) - - (s) (s) (s)
2.5 1.0 1.3 0.1 0.6 2.0
0.0 1.0 2.0 3.0 4.0
0.0
0.1
0.2
0.3
x=5% x=20%
x=10% x=25%
x=15% x=30%
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Period (s)
Figure 5.10: Displacement spectra for 475 year return period for Lagos, Portugal.
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5.6 Gravity loads
The gravity loads for the seismic load combination was a quasi-permanent vertical load.
A slab with a self-weight of 3.95 kN/m2 and super-imposed loads of 3.50 kN/m2 were
considered. From EN 1991-1-1 (2002) (EC1), the live load for the residential building was
2.00 kN/m2 with the respective quasi-permanent factor ψ2 of 0.3. From these loads, the
quasi-permanent gravity load resulted in 8.05 kN/m2. The loads were assumed equal for
all the floors.
5.7 Equivalent monolithic system
The equivalent monolithic system is the most common solution for precast concrete mo-
ment resisting frame. The design procedure can be the same as for the usual cast in place
system, but the detailing has to take into account the assembly method. The dimensions
of the cross sections of the precast concrete elements are shown in Table 5.2 (see also
Figure 5.4).
Table 5.2: Cross sections of the reinforced concrete elements.
Section(m2)
Vertical
elements
C1 1.00 x 0.25
C2 0.25 x 0.70
W1 0.25 x 4.00
Beams
B1 0.25 x 0.70
B2 0.25 x 0.70
B3 0.25 x 0.70
To determine the forces in the walls, the DDBD procedure, as explained in Section
5.2, was used. After obtaining the forces acting in the walls, the base cross section was
designed and submitted to a design verification procedure. The design was the traditional
design used for monolithic structures with the safety factors specified by the codes for
the materials stress-strain relations. The design verification was carried out to check the
cross section response at the design drift. To obtain a realistic response for the structure,
mean values were used for the stress-strain relations and a final global safety factor was
calculated.
5.7.1 Wall direction (transverse direction)
To implement the DDBD procedure in the wall direction, the equivalent SDOF system
was determined. For a monolithic reinforced concrete wall, the displacement profile given
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by equation 5.26 was assumed (Priestley et al., 2007). This shape was obtained assuming
a linear curvature distribution along the height of the wall, until the achievement of the
yield curvature at the wall base section, and a rigid body rotation about the base plastic
hinge after yielding. In the displacement profile equation, the yield curvature φy was
assumed equal to 2.0εy/lw (Priestley et al., 2007), where lw is the length of the wall cross
section. When a wall dominates the displacement profile of the structure, the maximum
drift θyn is expected to be at roof level and equal to εyhn/lw, where hn is the height of
the roof level.
Having the displacement profile, it was possible to obtain the design displacement, the
effective mass and the effective height from equations 5.1, 5.2 and 5.3 (auxiliary calcula-
tions are presented in Table 5.3). These parameter values are shown in Table 5.4. With
the basic SDOF system parameters determined, the design drift ratio obtained was 1.92%.
This design drift was conditioned by the maximum spectral displacement, corresponding
to a period of 2.0 seconds.
∆i = ∆yi + (θd − θyn)hi =
εy
lw
h2i
(
1 − hi
3hn
)
+
(
θd −
εyhn
lw
)
hi (5.26)
Table 5.3: Wall direction DDBD calculations for the equivalent monolithic system.
Floor hi mi ∆i ∆
2
i ∆i ×mi ∆
2
i ×mi ∆i ×mi × hi
(m) (ton) (m) (m2) (m× ton) (m2 × ton) (m2 × ton)
1 3 305.6 0.026 0.0007 8.0 0.21 24.1
2 6 305.6 0.063 0.0040 19.2 1.21 115.4
3 9 305.6 0.108 0.0116 33.0 3.55 296.6
4 12 305.6 0.159 0.0252 48.6 7.72 582.7
5 15 305.6 0.214 0.0458 65.4 14.01 981.3
6 18 291.4 0.271 0.0736 79.1 21.46 1423.4
Sum 1819.3 253.3 48.16 3423.5
Table 5.4: SDOF parameters for the equivalent monolithic system in the wall direction.
θd ∆d me he
(%) (m) (ton) (m)
1.92 0.190 1332.2 13.5
5.7.1.1 Yield displacement and damping
To calculate the equivalent viscous damping ratio, the displacement ductility, which is a
function of the yield displacement, was determined. Equation 5.27 gives the displacement
profile at yield and was used to obtain the yield displacement, for hi = he. The yield strain
of the steel was obtained assuming the yield stress of the reinforcing steel σy = 500 MPa,
195
Chapter 5. Case study
multiplied by 1.1 in order to estimate the mean value, as recommended by Priestley et al.
(2007). These values are shown in Table 5.5.
For the monolithic reinforced concrete wall, the equivalent viscous damping ratio was
estimated by expression 5.28 (Priestley et al., 2007), where the displacement ductility µδ
was obtained from expression 5.29. Table 5.5 contains the calculations for the equivalent
viscous damping ratio. The obtained value was 12.1%.
∆yi =
εy
lw
h2i
(
1 − hi
3hn
)
(5.27)
ξeq = 0.05 + 0.444
(
µδ − 1
µδπ
)
(5.28)
µδ =
∆d
∆y
(5.29)
where,
hn is the height of the roof level;
∆yi is the displacement of floor i at yield.
Table 5.5: Wall direction yield parameters and ξeq calculation for the equivalent monolithic
system.
he ey ∆y ∆d µδ ξeq
(m) - (m) (m) (m) (%)
13.5 0.0028 0.094 0.190 2.02 12.1
5.7.1.2 Base shear and forces distribution
To obtain the SDOF effective period, the spectra in Figure 5.10 was used, with the equiva-
lent viscous damping ratio of Table 5.5. The effective stiffness was calculated with equation
5.4 and the base shear with equation 5.5, giving the results shown in Table 5.6. To dis-
tribute the base shear in the MDOF structure, equation 5.6 was used, resulting in the
forces Fi shown in Table 5.7. From the forces acting on each floor, the internal demand
forces were calculated.
Table 5.6: Wall base shear for the equivalent monolithic system.
Te Ke VB
(s) (kN/m) (kN)
2.00 13148.5 2499.8
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Table 5.7: Wall forces distribution for the equivalent monolithic system.
Floor hi mi ∆i ∆i ×mi Fi
(m) (ton) (m) (m× ton) (kN)
1 3 305.6 0.026 8.0 79.4
2 6 305.6 0.063 19.2 189.9
3 9 305.6 0.108 33.0 325.2
4 12 305.6 0.159 48.6 479.2
5 15 305.6 0.214 65.4 645.7
6 18 291.4 0.271 79.1 780.5
Sum 1819.3 253.3 2499.8
5.7.1.3 Internal forces
Assuming that the walls resist the total seismic action, they were considered cantilever
structures with forces applied at the floor levels. The internal forces corresponding to
the shear forces and bending moments are shown in Figures 5.11a and 5.11b. It was
assumed that the influence of the beams, that converge on the walls, was negligible for
the calculation of these internal forces. The resulting base reactions were a base shear
Vw=1249.9 kN and a bending moment Mw=16894.5 kNm in each wall.
To calculate the axial load at the base, the slab loads and the slab, beams and wall
self-weights were taken into account. The slab loads were obtained with the estimation of
the wall tributary area shown in Figure 5.12. The beams that converge in the wall were
both type B3 (see Figure 5.4 and Table 5.16). The value estimated for the axial load at
the base was Nw=3750.9 kN.
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Figure 5.11: Internal forces of the walls for the equivalent monolithic system in each wall.
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Figure 5.12: Tributary areas of vertical elements.
5.7.1.4 Cross section design
The design and detailing of the wall was made for the maximum bending moment at the
wall base section. Having the base bending moment and axial load, equation 5.30 was
used to estimate the tensile force in the reinforcing steel and equation 5.31 to obtain the
steel area. Table 5.8 shows the results for the longitudinal reinforcing steel. The steel area
required for the combined bending moment and axial load was 0.00679 m2. The chosen
solution was to concentrate 14 bars with a diameter of 25 mm at each end and 28 bars
with a diameter of 16 mm at 0.20 m intervals along the wall, as detailed in Figure 5.13.
Fs ≃
M
z
+
N
2
(5.30)
As =
Fs
fyd
(5.31)
where,
Fs is the demand tensile force in the reinforcing steel;
z is the lever arm between the tensile and compressive forces;
fyd is the design yield strength of the reinforcing steel fyd = fyk/1.15;
As is the area of the reinforcing steel under tension.
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Table 5.8: Longitudinal reinforcement steel calculation for the equivalent monolithic system.
N M z Fs fyd As
(kN) (kNm) (m) (kN) (MPa) (m2)
-3750.9 16894.5 3.50 2951.6 435 0.00679
Transversal reinforcement
0.50 0.50
0.
25
4.00
f8//0.10
28f16 14f2514f25
Figure 5.13: Wall base section detail for the equivalent monolithic system (dimensions in metres).
5.7.1.5 Cross section design verification
The design forces were calculated for the design drift, thus the structure response was
checked in the deformed position at the design drift ratio. To check the design, the
maximum curvature corresponding to the design drift was calculated, then the concrete
and reinforcement steel forces were obtained to calculate the bending moment. This
analysis should be as close to the real response as possible, thus mean values were used
for the materials stress-strain relations.
Curvature
The section curvature φ was determined using equation 5.32.
φ = φy + φp (5.32)
where,
φy is the section elastic curvature at yield;
φp is the section plastic curvature resulting from the rotation of the wall base plastic
hinge.
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The yield curvature was calculated using equation 5.33 (Priestley, 2003).
φy = 2.0εy/lw (5.33)
The plastic hinge rotation was estimated as the plastic curvature integration along
the plastic hinge length. Assuming a constant curvature along the length, the plastic
curvature was obtained from equation 5.34.
φp =
θp
lp
(5.34)
where,
θp is the plastic hinge rotation;
lp is the plastic hinge length.
To calculate the plastic hinge length, equation 5.35 (Priestley et al., 2007) was adopted.
This equation takes into account steel strain hardening, tension shift effects and strain
penetration length.
lp = khe + 0.1lw + lsp (5.35)
where,
k is a parameter taken as 0.2(ft/fy − 1) ≤ 0.08;
lsp is the strain penetration length taken as 0.022fydbl (m);
fy is the yield stress of the reinforcement (MPa);
ft is the ultimate tensile strength of the reinforcement (MPa);
dbl is the diameter of the reinforcing bar (m).
As the plastic displacement depends on the plastic curvature, the wall length, the
plastic hinge length and the strain penetration length, the plastic hinge rotation θp was
obtained using equation 5.36 (Priestley et al., 2007).
θp =
∆p
he − (0.5lp − lsp)
(5.36)
Finally, the plastic displacement ∆p was obtained from the design displacement and
the yield displacement with equation 5.37.
∆p = ∆d − ∆y (5.37)
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The results for the plastic hinge length, assuming ft/fy = 1.25, are presented in Table
5.9. Intermediate values computed in the determination of the total curvature is shown in
Table 5.10.
Table 5.9: Wall plastic hinge length for the equivalent monolithic system at design drift.
k dbl he lw lsp lp
- (m) (m) (m) (m) (m)
0.05 0.025 13.5 4 0.275 1.351
Table 5.10: Curvature calculation for the equivalent monolithic system at design drift.
∆d ∆y ∆p θp φy φp φ
(m) (m) (m) - - - -
0.190 0.094 0.096 0.0073 0.0014 0.0054 0.0068
Cross section bending moment
To calculate the bending moment, the procedure consisted on predicting an initial neutral
axis depth, calculating all the forces and checking the section equilibrium. The neutral
axis depth was changed until the required equilibrium was achieved. The procedure can
be resumed in the following steps:
1. Estimate neutral axis depth, x;
2. Calculate the concrete compression forces;
3. Calculate the bar tension and compression forces;
4. Compare the sum of all forces with the axial load and return to first step until they
converge;
5. Evaluate the moment capacity.
As illustrated in Figure 5.14, the conventions for the wall axis followed the EC2 (EN
1992-1-1, 2004), being the wall section in the plan yz. It can also be seen that the length
of the compression zone was defined as x. The compression zone was divided into n fibres
and xi was the distance from the neutral axis to the centre of each fibre.
After the iterative procedure was concluded, the final neutral axis depth that corre-
sponded to equilibrium was x=0.854m. The values that will be presented were determined
for this final cycle.
Table 5.11 shows the forces for each concrete fibre. As can be seen in the section
detail in Figure 5.13, the concrete at both ends of the wall had transverse reinforcement
along a length of 0.50 m and was considered confined, whilst the remainder was considered
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Figure 5.14: Wall local axis convention and concrete compressed fibres.
unconfined. The Ai is the area of fibre i and the εci the strain of fibre i determined using
equation 5.38.
εci = φ.xi (5.38)
The fibres could have unconfined concrete or confined and unconfined concrete. The
stress of the confined part of the fibres σcci was obtained using Mander’s model (Mander
et al., 1988) with the equation 5.8, as explained previously in this chapter. The concrete
strength enhancement factor was kc=1.41. The stress of the unconfined part of the fibres
σci, was determined using EC2 stress-strain relation. With these stresses, the force in each
fibre Fci was determined. It can be seen in Table 5.11 that the total concrete reaction was
6636.8 kN.
Tables 5.12 and 5.13 summarise the forces acting on the longitudinal bars in the con-
fined zone and outside that zone (see Figure 5.13). The tables have the following content:
1. the bar position coordinate in z axis zj;
2. the area of the bars in position j Asj;
3. steel bars strain in position j εsj = φ.zj ;
4. steel bars stress in position j σsj;
5. steel bars compressive force in position j Fscj;
6. steel bars tensile force in position j Fstj ;
7. bending moments due to each tension bar Mstj = Fstj .[zj − (xcg − lw/2)].
Table 5.14 summarises the total forces in the wall cross section. The forces presented
are the axial load demandNw, the concrete compressive force Fc, the sum of all compressive
forces in the steel bars Fsc and the sum of all tensile forces in the steel bars Fst. From
these values it was verified that the obtained solution was correct.
The bending moment for this equivalent monolithic system could be determined at
any point of the section, as long as the axial load force is taken into account. In this
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Table 5.11: Concrete compressive forces for the equivalent monolithic system at design drift.
Fibre Ai xi εci σcci σci Fci
i (m2) (m) - (MPa) (MPa) (kN)
Unconfined
1 0.0069 0.014 -0.0001 0.0 -0.1 -0.5
2 0.0069 0.041 -0.0003 0.0 -0.8 -5.5
3 0.0069 0.069 -0.0005 0.0 -2.6 -17.9
4 0.0069 0.096 -0.0007 0.0 -5.9 -40.2
5 0.0069 0.124 -0.0008 0.0 -10.7 -73.5
6 0.0069 0.151 -0.0010 0.0 -16.8 -115.5
7 0.0069 0.179 -0.0012 0.0 -23.3 -160.1
8 0.0069 0.206 -0.0014 0.0 -29.1 -199.9
9 0.0069 0.234 -0.0016 0.0 -33.5 -229.8
10 0.0069 0.261 -0.0018 0.0 -36.2 -248.7
11 0.0069 0.288 -0.0020 0.0 -37.6 -258.2
12 0.0069 0.316 -0.0021 0.0 -38.0 -261.0
13 0.0069 0.343 -0.0023 -41.2 -37.8 -277.3
14 0.0069 0.371 -0.0025 -42.8 -37.2 -284.6
15 0.0069 0.398 -0.0027 -44.2 -36.5 -290.8
16 0.0069 0.426 -0.0029 -45.5 -35.7 -296.1
17 0.0069 0.453 -0.0031 -46.6 -34.8 -300.6
18 0.0069 0.481 -0.0033 -47.6 -34.0 -304.4
19 0.0069 0.508 -0.0035 -48.5 -33.2 -307.8
Confined 20 0.0069 0.536 -0.0036 -49.2 0.0 -257.1
plus 21 0.0069 0.563 -0.0038 -49.9 0.0 -260.6
side cover 22 0.0069 0.591 -0.0040 -50.5 0.0 -263.8
23 0.0069 0.618 -0.0042 -51.1 0.0 -266.5
24 0.0069 0.646 -0.0044 -51.5 0.0 -268.9
25 0.0069 0.673 -0.0046 -51.9 0.0 -271.0
26 0.0069 0.701 -0.0048 -52.2 0.0 -272.8
27 0.0069 0.728 -0.0049 -52.5 0.0 -274.3
28 0.0069 0.756 -0.0051 -52.8 0.0 -275.5
29 0.0069 0.783 -0.0053 -53.0 0.0 -276.6
30 0.0069 0.811 -0.0055 -53.1 0.0 -277.4
End cover
31 0.0002 0.852 -0.0058 - 0.0 0.0
32 0.0002 0.853 -0.0058 - 0.0 0.0
33 0.0002 0.854 -0.0058 - 0.0 0.0
Sum -6636.8
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Table 5.12: Calculations for the contribution of the end bars to the bending moment.
Bar zj Asj εsj σsj Fscj Fstj Mstj
j (m) (m2) - (MPa) (kN) (kN) (kNm)
1 -1.96 0.0010 -0.0055 -554.8 -544.8 0.0 0.0
2 -1.89 0.0010 -0.0050 -553.9 -543.9 0.0 0.0
3 -1.81 0.0010 -0.0045 -553.0 -543.1 0.0 0.0
4 -1.71 0.0010 -0.0038 -551.9 -541.9 0.0 0.0
5 -1.61 0.0010 -0.0032 -550.7 -540.8 0.0 0.0
6 -1.54 0.0010 -0.0026 -528.7 -519.2 0.0 0.0
7 -1.46 0.0010 -0.0021 -426.9 -419.2 0.0 0.0
8 1.46 0.0010 0.0177 575.8 0.0 565.4 1767.7
9 1.54 0.0010 0.0182 576.6 0.0 566.3 1812.9
10 1.61 0.0010 0.0187 577.5 0.0 567.1 1858.2
11 1.71 0.0010 0.0194 578.7 0.0 568.3 1918.8
12 1.81 0.0010 0.0201 579.9 0.0 569.4 1979.6
13 1.89 0.0010 0.0206 580.7 0.0 570.3 2025.3
14 1.96 0.0010 0.0211 581.6 0.0 571.2 2071.2
Sum -3652.9 3978.0 13433.6
Table 5.13: Calculations for the contribution of the middle bars to the bending moment.
Bar zj Asj εsj σsj Fscj Fstj Mstj
j (m) (m2) - (MPa) (kN) (kN) (kNm)
15 -1.3 0.0004 -0.0010 -209.5 -84.2 0.0 0.0
16 -1.1 0.0004 0.0003 62.1 0.0 25.0 14.1
17 -0.9 0.0004 0.0017 333.7 0.0 134.2 102.8
18 -0.7 0.0004 0.0030 550.5 0.0 221.3 213.9
19 -0.5 0.0004 0.0044 552.8 0.0 222.2 259.2
20 -0.3 0.0004 0.0057 555.2 0.0 223.2 305.0
21 -0.1 0.0004 0.0071 557.5 0.0 224.1 351.1
22 0.1 0.0004 0.0085 559.8 0.0 225.1 397.5
23 0.3 0.0004 0.0098 562.2 0.0 226.0 444.4
24 0.5 0.0004 0.0112 564.5 0.0 226.9 491.6
25 0.7 0.0004 0.0125 566.9 0.0 227.9 539.3
26 0.9 0.0004 0.0139 569.2 0.0 228.8 587.3
27 1.1 0.0004 0.0153 571.6 0.0 229.8 635.6
28 1.3 0.0004 0.0166 573.9 0.0 230.7 684.4
Sum -84.2 2645.1 5026.2
Table 5.14: Summary of the equivalent monolithic system wall forces.
Nw Fc Fsc Fst Sum
(kN) (kN) (kN) (kN) (kN)
3750.9 -6636.8 -3737.2 6623.1 0.0
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case, the bending moment was determined for the point corresponding to the resultant
compressive force location. This meant, it was necessary to calculate the position of this
point. Equation 5.39 was used to determine the distance from the resultant compressive
force location to the most compressed concrete fibre, resulting in xcg=0.334 m.
xcg =
n
∑
j=1
Fscj.dsj +
m
∑
i=1
Fci.dci
n
∑
j=1
Fscj +
m
∑
i=1
Fci
(5.39)
where,
xcg is the distance from the resultant compressive force to the compressed wall end;
Fscj is the compressive force on the bar j;
dsj is the distance from the compressed bar j to the compressed wall end, dsj = |lw/2+zj |;
Fci is the compressive force on the concrete fibre i;
dci is the distance from the concrete fibre i to the compressed wall end, dci = |x− xi|.
Finally, the bending moment was calculated with equation 5.40, being the results
summarised in Table 5.15. The bending moment resulted in Mt=24710.5 kNm, obtained
using mean values, without safety factors. Comparing this value with the bending moment
demand Mw=16894.5 kNm, a ratio Mt/Mw=1.46 was obtained, thus it can be said that
the section has an global safety factor of 1.46. ?, based on König et al. (1997), adopted an
global safety factor for nonlinear analysis of 1.27, thus the obtained value was considered
an adequate safety factor.
Mt = Ms +MN =
n
∑
j=1
Fstj .
[
zj −
(
xcg −
lw
2
)]
+N
(
lw
2
− xcg
)
(5.40)
where,
Mt is the total section bending moment;
Ms is the contribution of the steel bars to the bending moment;
MN is the contribution of the axial load to the bending moment.
Table 5.15: Summary of the equivalent monolithic system wall bending moments.
MS MN Mt Mw Mt/Mw
(kNm) (kNm) (kNm) (kNm) −
18459.8 6250.7 24710.5 16894.5 1.46
205
Chapter 5. Case study
5.8 Post-Tensioned Hybrid system
The hybrid system has a prestressing force (and/or axial load) that allows the recentring
of the wall and energy dissipaters that add moment and shear capacity to the wall, as well
as structural damping. The energy dissipaters that were adopted for this solution were
developed in Chapter 3 and in the hybrid wall system RM5 in Chapter 4. This system
should be designed to have negligible residual displacements, which can be achieved by
taking advantage of the recentring characteristics of the axial load due to gravity loads
and to post-tensioning forces. The cross sections of all elements illustrated in Figure 5.4
are listed in Table 5.16.
Table 5.16: Concrete elements cross sections of the hybrid system.
Section(m2)
Vertical
elements
C1 1.00 x 0.25
C2 0.25 x 0.70
W1 0.25 x 4.00
Beams
B1 0.25 x 0.70
B2 0.25 x 0.70
B3 0.25 x 0.70
As for the equivalent monolithic system, the forces were calculated using a DDBD
procedure. After obtaining the forces acting in the walls, the base cross section was
designed and submitted to a design verification procedure. The design verification was
carried out to check the wall base section response at design drift. To have a realistic
response for the structure, mean values were used for the stress-strain relations and a final
global safety factor was achieved.
5.8.1 Wall direction (transverse direction)
To implement the DDBD procedure in the wall direction, the equivalent SDOF system was
determined. In wall hybrid systems, the wall is expected to remain elastic at the design
drift and the displacements are mostly due to the rocking base rotation. As a result, at the
design drift, a linear displacement profile was considered adequate, as was also considered
in NZCS (2010). Equation 5.41 was used to calculate the displacements of the structure.
∆i = θdhi (5.41)
The design displacement, the effective mass and the effective height were obtained using
equations 5.1, 5.2 and 5.3 (auxiliary calculations are presented in Table 5.17). These values
are shown in Table 5.18.
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With the basic SDOF system parameters, the design drift ratio was defined as 1.20%
and was imposed taking into account the maximum displacements of the energy dissipaters
selected for the system.
Table 5.17: DDBD calculations for the hybrid system in the wall direction.
Floor hi mi ∆i ∆
2
i ∆i ×mi ∆
2
i ×mi ∆i ×mi × hi
i (m) (ton) (m) (m2) (m× ton) (m2 × ton) (m2 × ton)
1 3 305.6 0.036 0.0013 11.0 0.40 33.0
2 6 305.6 0.072 0.0052 22.0 1.58 132.0
3 9 305.6 0.108 0.0117 33.0 3.56 297.0
4 12 305.6 0.144 0.0207 44.0 6.34 528.0
5 15 305.6 0.180 0.0324 55.0 9.90 825.1
6 18 291.4 0.216 0.0467 62.9 13.60 1133.1
Sum 1819.3 228.0 35.38 2948.2
Table 5.18: SDOF parameters for the hybrid system in the wall direction.
θd ∆d me he
(%) (m) (ton) (m)
1.20 0.155 1468.9 12.9
5.8.1.1 Yield displacement and damping
For this system, the linear displacement profile assumed at the design drift, equation
5.41, cannot be used at yield, because at this point only a small rocking base rotation
can be expected and the displacements are mostly due to the wall elastic deformation.
Therefore another equivalent SDOF system was determined at yield to calculate the yield
displacement. The displacement profile considered at yield was the same as the one used
in the monolithic wall system. In (NZCS, 2010), this procedure was used for hybrid
systems using reinforcement steel bars with unbonded lengths, and as the steel angles
have a similar response, the same procedure was used in this case. There are two major
differences in the behaviour of the hybrid and the monolithic systems. Firstly, in the
hybrid systems, in order to reach the yield point, a base rotation is needed, resulting in a
bigger yield displacement. Secondly, the prestressing forces of the hybrid systems makes
the structure stiffer and consequently a smaller displacement is needed in order to reach
the same yield point. In light of this, it seems appropriate that we should be able to use
the same procedure as the one used in the monolithic wall systems. However, this should
be evaluated in future research.
To calculate the equivalent viscous damping ratio, the displacement ductility was
needed so the yield displacement was estimated. To calculate the yield displacement,
referred to above, a similar procedure to the one used for the design displacement was
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followed at yield. The displacements at yield, shown in Table 5.19, were calculated using
the equation 5.27 for monolithic walls. The intermediate values computed in the determi-
nation of the yield displacement are also in the same table. Using equations 5.1, 5.3 and
5.29, the yield displacement, the effective height and ductility were obtained. The yield
strain of the steel was obtained using the nominal yield stress of the steel angle material,
σy = 355 MPa, as defined in Section 5.4. These values are shown in Table 5.20.
For the hybrid concrete wall, the equivalent viscous damping ratio was estimated with
equation 5.42 (NZCS, 2010), where the parameter λ was the target recentring ratio that
was chosen to equal 1.25. This parameter was calculated using equation 5.43, where MN ,
Mp and Ma are the contributions of the axial load, post-tensioning and steel angles to the
bending moment. Table 5.20 contains the data for the equivalent viscous damping ratio
calculation (equation 5.42).
Table 5.19: DDBD calculations for the hybrid frame system at yielding in the wall direction.
Floor hi mi ∆yi ∆
2
yi ∆yi ×mi ∆
2
yi ×mi ∆yi ×mi × hi
(m) (ton) (m) (m2) (m× ton) (m2 × ton) (m2 × ton)
1 3 305.6 0.004 0.0000 1.1 0.00 3.3
2 6 305.6 0.014 0.0002 4.1 0.06 24.8
3 9 305.6 0.029 0.0008 8.7 0.25 78.5
4 12 305.6 0.047 0.0022 14.5 0.68 173.6
5 15 305.6 0.069 0.0047 21.0 1.44 314.8
6 18 291.4 0.091 0.0083 26.6 2.43 478.9
Sum 1819.3 76.0 4.86 1073.8
ξeq = 0.05 + 0.30
(
1 − 1√
µ
)
(λ+ 1)
(5.42)
λ =
MN +Mp
Ma
(5.43)
Table 5.20: Yield parameters and ξeq calculation for the hybrid system in the wall direction.
he ey ∆y ∆d µδ ξeq
(m) - (m) (m) (m) (%)
14.1 0.0017 0.062 0.155 2.49 9.9
5.8.1.2 Base shear and forces distribution
To obtain the SDOF period, the response spectrum of Figure 5.10 was used, with the
equivalent viscous damping ratio of Table 5.20. The effective stiffness was calculated with
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equation 5.4 and the base shear with equation 5.5, the results being shown in Table 5.21.
To return to the MDOF structure, the base shear was distributed between the floors
according to equation 5.6 resulting in the forces Fi shown in Table 5.22. With the forces
acting on each floor, the internal forces were calculated.
Table 5.21: Wall base shear for the hybrid system.
Te Ke VB
(s) (kN/m) (kN)
1.52 25098.7 3895.2
Table 5.22: Wall forces distribution for the hybrid system.
Floor hi mi ∆i ∆i ×mi Fi
(m) (ton) (m) (m× ton) (kN)
1 3 305.6 0.036 11.0 188.0
2 6 305.6 0.072 22.0 375.9
3 9 305.6 0.108 33.0 563.9
4 12 305.6 0.144 44.0 751.9
5 15 305.6 0.18 55.0 939.9
6 18 291.4 0.216 62.9 1075.6
Sum 1819.3 228.0 3895.2
5.8.1.3 Internal forces
As for the equivalent monolithic system, it was assumed that the seismic action was resisted
by the walls alone, being considered as cantilever structures with the forces applied at the
floor levels. The shear forces and bending moments are shown in Figures 5.15a and 5.15b.
The resulting base reactions were Vw=1947.6 kN for the base shear and Mw=25188.4 kNm
for the bending moment in each wall.
The calculations for the axial load at the base were presented for the equivalent mono-
lithic system. The resulting value was Nw=3750.9 kN.
5.8.1.4 Cross section design
The total bending moment of 25188.4 kNm was estimated taking into account the assump-
tion of a recentring ratio equal to λ = 1.25. According to NZS3101 (2006), λ should not
be less than 1.15 and a value of 1.25 was used in the design example included in NZCS
(2010). To be able to fulfill that purpose, the moment ratio parameters from equations
5.45 and 5.44 (NZCS, 2010) should be satisfied. For a recentring ratio of λ = 1.25, the
parameters result in αOT M = 0.56 and βOT M = 0.44. Using these parameters, the bending
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Figure 5.15: Wall internal forces for the hybrid system in each wall.
moment was divided into two parts, one for the unbonded post-tensioning with axial load
(Mp + MN ) and the other for the energy dissipaters (Ma). The moments for each part
were Mp +MN = 13993.6 kNm and Ma = 11194.9 kNm
αOT M =
Mp +MN
Mw
=
λ
λ+ 1
(5.44)
βOT M =
Ma
Mw
=
1
λ+ 1
(5.45)
For the design of the cross section, some assumptions were made. The compression zone
was considered to be along a length of x = 0.25lw = 1 m and the the lever arm between
tensile and compressive forces to equal za = 0.85da, being da the distance between the
centroid of the steel angles and the most compressed concrete fibre. These assumptions
should be verified as the response of the section strongly depend on them. This verification
is in Section 5.8.1.6. This design not only needs to guarantee the structural safety, but
also the recentring ratio to ensure the desired response behaviour.
Design of the steel angles
To estimate the demand force in the steel angles, a mean displacement was calculated
and the force in all angles was assumed to be equal. The design was made by fixing the
position and length of the angles and then choosing the angle design detail for the demand
force. The Figure 5.17 shows that a 1.25 m line of 10 steel angles may be fixed on both
sides of the of the wall ends. Each steel angle was connected to a plate anchored in the
wall by four M20 class 8.8 bolts. The steel angles were fixed to the foundations with
another set of four M20 class 8.8 bolts for each one. The option to have several smaller
steel angle instead of one was to have a more redundant system. Having several angles
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minimises the risk of a local rupture, in the maximum displacement zone, to spread to the
other angles with smaller displacements. Table 5.23 shows the total tensile demand force
in the angles considering the referred assumptions, where the force was obtained with the
equation 5.46.
Fa = Ma/za (5.46)
Table 5.23: Steel angles total tensile force demand.
da(m) 3.375
z(m) 2.869
Ma(kNm) 11194.9
Fa(kN) 3902.3
Fa/angle(kN) 195.1
To evaluate the force in the angles, a displacement estimation was needed, as the force
of the angles strongly depend on this displacement. To estimate this displacement, besides
the referred assumptions, the base rotation θ was assumed equal to the structure rotation,
therefore θ = θd. Using equation 5.47, the mean angle displacement d was calculated and
the results are presented in Table 5.24.
d = θ × (da − x) (5.47)
Table 5.24: Steel angles mean demand displacement.
x(m) 1
θ(%) 1.20
d(m) 0.0285
The choice of an adequate angle for the design had to take into account the angle
profiles and the grades of steel that can be found in the market. The expected failure
displacement and the strength force also had to be considered. The option was for an
angle L250x250x23 detailed in Figure 5.16. The procedure to find the correct angle was
keeping the dimensions of angle constant and changing distance g until the force for the
displacement da corresponded to the desired one. The angles response force was calculated
using equation 3.15 obtained in Chapter 3 and the result is shown in Table 5.25. The steel
grade of the angle was S355 and the nominal values were used (Figure 5.7).
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a 0.035
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c 0.055
d 0.050
e 0.023
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g 0.145
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l 0.250
Figure 5.16: Steel angle detail for the hybrid system.
Table 5.25: Steel angle mean demand force.
da εmax σ(εmax) α a FH Fd
(m) - (MPa) - - (kN) (kN)
0.0285 0.117 436.8 1.23 2 395.6 214.9
Design of the post-tensioning steel
To estimate the post-tensioning bar forces, a mean displacement was calculated and the
force in all bars was assumed equal. Figure 5.17 shows the position of the bars, centred
in the middle of the wall cross section.
0.
25
4.00
1.25 1.25
0.
25
0.
25
f57 Dywidag 1030 post-tensioning barSteel angles
Steel plate
0.40 0.40 0.40
Figure 5.17: Wall base section detail for the hybrid system. (Dimensions in metres)
Table 5.26 shows the total tensile demand force in the post-tensioning bars, where
the force was obtained with the equation 5.48. The post-tensioning force lever arm was
calculated with equation 5.49. This lever arm was obtained from the lever arm of forces
acting on the steel angles za.
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Table 5.26: Demand force in the post-tensioning bars.
dp(m) 2
zp(m) 1.494
Mp(kNm) 13993.6
N(kN) 3750.9
Fp(kN) 5617.1
Fp = Mp/zp −N (5.48)
zp = za − (da − dp) (5.49)
From the calculated post-tensioning force, the chosen solution was to use 4 Dywidag
1030 bars with a diameter of 57 mm. These bars present a characteristic 0.1% proof-stress
of 835 MPa and a modulus of elasticity of 205 GPa.
To obtain the mean displacement in the post-tensioning bars, equation 5.50 was used.
d = θ × (dp − x) (5.50)
The elongation of the bars can be obtained by calculating the wall displacement at their
position, thus the stress increment in the bars was calculated by equation 5.51, resulting
in a force increment obtained from equation 5.52.
∆σp =
d
lub
Ep (5.51)
∆Fp = ∆σpAp (5.52)
Knowing the total demand force and the increment during rotation, the initial post-
tensioning force was estimated from equation 5.53.
Fpi = Fp − ∆Fp (5.53)
Table 5.27 summarises the results from the referred equations to make it possible to
define an initial post-tensioning force. According to the calculations, the initial force
should be 49.5% of the characteristic 0.1% proof-force. To control the recentring be-
haviour of the wall accounting for the overstrength of the chosen steel angles solution
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Table 5.27: Demand post-tensioning force for in the post-tensioning bars.
θ(%) 1.20
d(m) 0.012
lub(m) 18.0
Ep(GPa) 205.0
∆σp(MPa) 136.7
Number of bars 4
Ap/bar(m
2) 0.00255
∆Fp(kN) 1395.0
Fpi(kN) 4222.2
Fpi/Fp0.1k(%) 49.5
(overstrength=(214.9-195.1)/195.1x100=10.1%), a higher initial post-tensioning force should
be applied and 55% of the characteristic 0.1% proof-force was adopted.
With an initial force equal to 55% of the characteristic 0.1% proof-force, the final
expected force should be verified. The maximum allowed force, according to NZS3101
(2006), should be 90% of the characteristic 0.1% proof-force. Table 5.28 shows the results
for the calculation of the final force at design displacement. These results correspond to
the sum of all the forces in the post-tensioning bars, thus the tension force in the most
tensioned bar should be calculated and compared with 90% of the characteristic 0.1%
proof-force. This calculation was made in the cross section design verification process (see
Section 5.8.1.6).
Table 5.28: Final force in post-tensioning bars.
Number of bars 4
Ap/bar(m
2) 0.00255
fp0.1k(MPa) 835
Fp0.1k(kN) 8522.9
Fpi/Fp0.1k(%) 55
Fp(kN) 6082.5
5.8.1.5 Cross section above the base
The detailing of the post-tensioned reinforced concrete cross section above the base was
made taking into account the steel angles in the base section. The 10 steel angles on each
side of the wall were in a 1.25 m long row width and a total force of 20x214.9=4298.0 kN.
To provide continuity to this force, 34 A500NR steel bars with 20 mm diameter were
distributed along the 1.25 m length, corresponding to a total design strength of 4646.4 kN.
This section detailing is shown in Figure 5.18.
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Figure 5.18: Wall section detailing above the base section for the hybrid system.
5.8.1.6 Cross section design verification
To carry out the verification of the cross section design, the opening gap was determined
and the forces acting in each angle were obtained, as well as the compressive forces in
the concrete. For the stress-strain relations, mean values were used for the concrete and
nominal values were used for the steel of the angles.
Base rotation / opening gap
To estimate the opening gap between the wall and the foundation, the elastic displace-
ments should be subtracted from the design drift displacements. The opening gap results
from the rotation after yielding. Table 5.29 shows the plastic displacements, the results of
the difference between the displacements for the design drift (Table 5.17) and the displace-
ments at yield (Table 5.19). Taking into account the plastic displacements, the opening
gap was calculated from the drift of the first floor, resulting in a base rotation of 1.08%.
Cross section bending moment
As done for the equivalent monolithic system to quantify the resistant bending moment,
an initial neutral axis depth was estimated before all the forces are determined and then
the section equilibrium was established. The neutral axis depth was adjusted until the
equilibrium was achieved.
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Table 5.29: Design wall rotation for the hybrid system.
Floor Design Yield Plastic Gap
i displacements, ∆i displacements, ∆yi displacements, ∆pi opening, θ
(m) (m) (m)
1 0.036 0.004 0.032 1.08%
2 0.072 0.014 0.058
3 0.108 0.029 0.079
4 0.144 0.047 0.097
5 0.180 0.069 0.111
6 0.216 0.091 0.125
After the iterative procedure, the final neutral axis depth was x=0.872 m.
To compute the compressive strains in the concrete, a theoretical curvature was con-
sidered based on the studies of Pampanin et al. (2001) and Palermo (2004), as mentioned
in Chapter 4. Equation 5.54 was used to determine the curvature, where θimp is the base
rotation and φy was estimated with equation 5.33. The lcant is the effective height, that
was estimated and showed in Table 5.30. The plastic hinge length was estimated with
equation 5.35.
φ =
3
θimp
lcant
− (φy − φdec)
3lp
lcant
(
1 − lp
2lcant
) + φy (5.54)
The decompression curvature was calculated with equation 5.55. Table 5.30 shows the
theoretical curvature calculation for the hybrid system.
φdec =
2(Nw + Fpi)
EcAglw
(5.55)
Table 5.30: Theoretical curvature calculation for the hybrid system
θimp lcant lp φy φdec φ
(%) (m) (m)
1.08 12.9 1.432 0.00089 0.00013 0.00646
Table 5.31 shows the forces for each concrete fibre. The Ai is the area of fibre i and the
εci the strain of fibre i determined using equation 5.38. All the concrete in the cross section
was considered to be confined, using the method described in Section 5.4 for confinement
with concrete cover protection, to determine the stress in each fibre σcci. With the stress
and the fibre area, the force in each fibre Fci was determined.
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To determine the compressive stress-strain relation for the concrete, the base section
detailing in Figures 5.17 and 5.18 was considered. As the transversal steel reinforcement
was similar along the 1.25 m and the obtained compression zone length was x=0.872 m,
the compressive stress-strain relation was considered to be equal in the whole compression
zone. From the confinement method referred to herein a concrete strength enhancement
factor of kc=1.30 was obtained. Finally, a total concrete reaction of 8559.8 kN was ob-
tained.
Table 5.31: Concrete compressive forces for the hybrid system at design drift.
Fibre Ai xi εci σcci Fci
i (m2) (m) - (MPa) (kN)
1 0.0073 0.015 -0.0001 -3.1 -22.2
2 0.0073 0.044 -0.0003 -8.9 -64.7
3 0.0073 0.073 -0.0005 -14.3 -103.8
4 0.0073 0.102 -0.0007 -19.1 -139.1
5 0.0073 0.131 -0.0008 -23.5 -170.5
6 0.0073 0.160 -0.0010 -27.3 -198.2
7 0.0073 0.189 -0.0012 -30.6 -222.5
8 0.0073 0.218 -0.0014 -33.5 -243.6
9 0.0073 0.247 -0.0016 -36.0 -262.0
10 0.0073 0.276 -0.0018 -38.2 -277.9
11 0.0073 0.305 -0.0020 -40.1 -291.5
12 0.0073 0.334 -0.0022 -41.7 -303.3
13 0.0073 0.363 -0.0023 -43.1 -313.3
14 0.0073 0.392 -0.0025 -44.3 -321.9
15 0.0073 0.422 -0.0027 -45.3 -329.2
16 0.0073 0.451 -0.0029 -46.1 -335.3
17 0.0073 0.480 -0.0031 -46.8 -340.5
18 0.0073 0.509 -0.0033 -47.4 -344.8
19 0.0073 0.538 -0.0035 -47.9 -348.3
20 0.0073 0.567 -0.0037 -48.3 -351.2
21 0.0073 0.596 -0.0038 -48.6 -353.6
22 0.0073 0.625 -0.0040 -48.9 -355.4
23 0.0073 0.654 -0.0042 -49.1 -356.8
24 0.0073 0.683 -0.0044 -49.2 -357.8
25 0.0073 0.712 -0.0046 -49.3 -358.5
26 0.0073 0.741 -0.0048 -49.4 -358.9
27 0.0073 0.770 -0.0050 -49.4 -359.1
28 0.0073 0.799 -0.0052 -49.4 -359.0
29 0.0073 0.829 -0.0054 -49.4 -358.7
30 0.0073 0.858 -0.0055 -49.3 -358.3
Sum -8559.8
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The forces acting in the steel angles are shown in Table 5.32 as well as their bending
moments contribution. There were steel angles under tension and others under compres-
sion. To estimate the steel angles under tension, equation 3.15 was used, considering the
parameter a to be equal to 2. The value for the horizontal force FH was 395.6 kN, as
each angle had a length of 0.125 m. The tensile force Fatj in the table corresponds to
two angles, one on each side of the wall. To calculate the steel maximum stress σmax the
stress-strain relation defined in Section 5.4 was used using nominal values the steel S355
grade. To estimate the compression forces in the angles located in the compression zone,
Facj , the strain in the vertical legs was assumed equal to the adjacent concrete strain.
With the compressive strain in the angle, the force was calculated considering the vertical
leg under compression with the maximum value limited by the shear strength of the bolts.
Each angle was designed with four M20 class 8.8 bolts, corresponding to a nominal shear
yield strength of 470.4 kN.
Table 5.32: Contribution of the steel angles to the bending moment.
Angle zj d εmax σmax α Fatj εacj Facj Matj
j (m) (m) (MPa) (kN) (kN) (kNm)
1 1.938 0.033 0.1350 449.6 1.27 467.4 - - 830.9
2 1.813 0.032 0.1297 445.9 1.26 456.4 - - 782.9
3 1.688 0.030 0.1244 442.1 1.25 445.4 - - 736.2
4 1.563 0.029 0.1191 438.4 1.23 434.4 - - 690.8
5 1.438 0.028 0.1138 434.6 1.22 423.3 - - 646.8
6 1.313 0.026 0.1084 430.8 1.21 412.3 - - 604.2
7 1.188 0.025 0.1030 426.9 1.20 401.3 - - 562.9
8 1.063 0.024 0.0976 423.1 1.19 390.2 - - 523.0
9 0.938 0.022 0.0921 419.2 1.18 379.1 - - 484.5
10 0.813 0.021 0.0867 415.3 1.17 368.1 - - 447.4
11 -0.813 0.003 0.0142 363.9 1.03 223.6 - - 90.1
12 -0.938 0.002 0.0086 359.9 1.01 212.5 - - 72.3
13 -1.063 0.001 0.0029 355.9 1.00 201.3 - - 56.0
14 -1.188 -0.001 - - - - 0.0004 -465.0 -
15 -1.313 -0.002 - - - - 0.0012 -940.8 -
16 -1.438 -0.003 - - - - 0.0020 -940.8 -
17 -1.563 -0.005 - - - - 0.0028 -940.8 -
18 -1.688 -0.006 - - - - 0.0036 -940.8 -
19 -1.813 -0.007 - - - - 0.0044 -940.8 -
20 -1.938 -0.009 - - - - 0.0052 -940.8 -
Sum 4815.1 -6109.8 6528.0
To calculate the final prestressing force in each bar, it was necessary to calculate the
displacement d corresponding to the elongation of each one. Having the base rotation, the
neutral axis depth and the bar position, the displacement was calculated with equation
5.50. With the elongation and assuming the length of the bars length to be equal to
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the wall height, hn = 18 m, the strain increment was calculated as well as the force
increment ∆Fp. Adding the force increment to the initial post-tensioning force Fpi, the
installed force Fp was obtained for the design drift (equation 5.56). Finally, verification
was made to evaluate if the installed force did not exceed the desired limit of 0.9Fp0.1k.
Table 5.33 presents the prestressing forces and the total force of 6103.6 kN was achieved
with a maximum bar force reaching 89.4% of 0.9Fp0.1k. In this table, the contribution of
each bar for the bending moment was also included, as will be explained later.
Fp = Fpi + ∆Fp = Fpi +
d
hn
EpAp (5.56)
Table 5.33: Calculations for the post-tensioning forces in the bars.
Bar x d Fpi ∆Fp Fp Fp/0.9Fp0.1k Mp
(m) (m) (kN) (kN) (kN) (%) (kNm)
1 0.60 0.006 1171.9 165.7 1337.6 69.8 1362.1
2 0.20 0.010 1171.9 291.2 1463.1 76.3 2075.2
3 -0.20 0.014 1171.9 416.8 1588.7 82.8 2888.7
4 -0.60 0.019 1171.9 542.3 1714.2 89.4 3802.7
Sum 4687.6 6103.6 10128.8
Table 5.34 summarises the total forces in the wall cross section. The forces presented
are the axial load demandNw, the concrete compressive force Fc, the sum of all compressive
forces in the steel angles Fac, the sum of all tensile forces in the steel angles Fat and the
sum of the bars post-tensioning forces Fp. From these forces it can be seen that the
obtained solution is correct.
Table 5.34: Summary of the hybrid system wall forces.
Nw Fc Fac Fat Fp Sum
(kN) (kN) (kN) (kN) (kN) (kN)
3750.9 -8559.8 -6109.8 4815.1 6103.6 0.0
As in the equivalent monolithic system, the bending moment was determined for the
point corresponding to the resultant compressive force, thus it was necessary to calculate
the position of this point. Equation 5.57 was used to determine the distance from the
resultant compressive force to the compressed wall end, resulting in xcg=0.382 m.
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xcg =
n
∑
j=1
Facj .daj +
m
∑
i=1
Fci.dci
n
∑
j=1
Facj +
m
∑
i=1
Fci
(5.57)
where,
xcg is the distance from the resultant compressive force to the compressed wall end;
Facj is the compressive force on the steel angles j;
daj is the distance from the compressed steel angle j to the compressed wall end, daj =
|lw/2 + zj |;
Fci is the compressive force on the concrete fibre i;
dci is the distance from the concrete fibre i to the compressed wall end, dci = |x− xi|.
Finally, the bending moment was calculated with the equation 5.58, the results being
summarised in Table 5.35. The bending moment resulted in Mt=28998.5 kNm, obtained
using nominal values for the steel angles and mean values for the concrete. Comparing
this value with the bending moment demand Mw=25188.4 kNm, a ratio Mt/Mw=1.15
was obtained, thus it can be said that the section has an global safety factor of 1.15.
According to EC3 (EN 1993-1-1, 2005) the safety factors of the steel angles should be
1.0. The concrete has a safety factor of 1.5 but has little influence on the bending moment
value. Therefore, 1.15 was considered to be an adequate global safety factor for the system.
Mt = Ma +MN +Mp (5.58)
being :
Ma =
n
∑
j=1
Fatj .
[
zj −
(
xcg −
lw
2
)]
MN = N
(
lw
2
− xcg
)
Mp =
n
∑
m=1
Fp,m.
[
zm −
(
xcg −
lw
2
)]
where,
Mt is the total section bending moment;
Ma is the contribution of the steel bars to the bending moment;
Mp is the contribution of the steel bars to the bending moment;
MN is the contribution of the axial load to the bending moment;
Fp,m is the force installed in the post-tensioning bar m.
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Table 5.35: Summary of the hybrid system wall bending moments.
Ma MN Mp Mt λ Mw Mt/Mw
(kNm) (kNm) (kNm) (kNm) (kNm) −
12799.4 6070.3 10128.8 28998.5 1.27 25188.4 1.15
Analysing the section response, the resulting recentring ratio was 1.27, very close to
the targeted value 1.25. This difference can be neglected with no need to update the
calculations for a recentring ratio of 1.27.
5.9 Discussion of the results and conclusions
The maximum displacement demand expected for the steel angles was 0.033 m, as shown
in Table 5.32. The cyclic maximum displacement allowable for the prescribed angle was
not determined and more experimental tests should be made in this area. The maximum
displacement depends essentially on the thickness of the angles, the type of steel, the
distance of the first line of bolts to the vertical leg (distance g in Figure 5.16) and on the
demand cycles.
In the experimental tests described in Chapters 3 and 4, the steel angles with similar
setup achieved maximum displacements of 0.030 m and 0.023 m in the tensile testing
machine and in the wall test, respectively. Taking into account that the tested specimens
had a distance g of 0.089 m instead of the 0.145 m of the solution in this example, this last
setup should sustain much higher displacements. From EN 10025-2 (2004), the minimum
percentage elongation after fracture of the S355 steel should be 22% and for the S275 steel
23%, so the difference between the tested angles (S275) and the prescribed ones (S355)
in this case study can be neglected. The last parameter to be considered should be the
thickness of the steel angles. In the tests this was 0.016 m whilst in the case study it was
0.023 m so a smaller maximum displacement can be expected. Taking all this parameters
into account, the displacement of 0.033 m it is expected to be smaller than the rupture
displacement for the steel angles used in this case study.
The objective of this chapter was to show an example of a hybrid system design as
tested in Chapter 4. The system tested was a wall submitted to cyclic displacements,
being the bending moment due to post-tensioning and external steel angles. The main
purpose of the post-tensioning was the recentring of the wall, whilst the role of the steel
angles was to dissipate energy.
For this case study, a regular structure was considered. This structure had a frame
system in one direction and a wall system in the other direction. Due to the scope of
the present study, only the wall direction was designed. To compare with a possible
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traditional solution, an equivalent monolithic system was also considered in the case study.
The traditional solution would always have a higher damping, leading to a solution with
smaller forces. The hybrid solution should have negligible residual displacements with
little damage after a seismic action. The expected damage for this hybrid solution is
confined to the steel angles, which are easy to replace.
In the case study presented in this chapter, the forces for the hybrid system were
considerably higher than for the equivalent monolithic system. This difference was not
only due to the differences between the systems, but also due to the smaller design drift
imposed in the hybrid system. This smaller design drift was needed to limit the maximum
displacement of steel angles. These higher forces lead to a hybrid wall with more reinforce-
ment than was desired with regard to the steel angles and the post-tensioning. A more
optimised solution would have been to have a longer wall for the hybrid system, however
it was decided to use a wall with the same dimensions as for the equivalent monolithic
solution.
If a longer wall had been used it could have been necessary to change the locations of
the steel angles. In this case study, the option was to have the angles located near the
edges of the wall, where the lever arm is longer. With this option, the bending moment
that each angle mobilises for the wall forces is maximised as well as the displacement. A
higher displacement has the advantage of leading to higher forces acting in the angles but
increases the demand on ductility. If the option had been to have all the angles in the
middle of the wall base cross section, the lever arm would have been smaller, but more
angles would have been under tension, leading to a higher force. Hereupon, it can be
concluded that it is possible to have a similar bending moment with the angles located
in the middle of the cross section. With this last option the angles would have a lower
demand on ductility.
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Summary, conclusions and future
work
6.1 Summary and conclusions
Post-tensioned rocking walls solutions with and without energy dissipaters under seismic
actions were studied. The post-tensioned solutions without energy dissipaters are walls
connected to the foundation using post-tensioning systems alone. The solutions with
energy dissipaters (or hybrid solutions) result from the combination of an elastic response
and a plastic response. The elastic response derives from the post-tensioning force and the
axial force in the wall. The post-tensioning force is designed to remain in the elastic range
during the seismic action. The plastic response comes from the plastic behaviour of energy
dissipaters. The energy dissipaters increase the damping of the structure and remain with
plastic deformations after an earthquake. The objective of the design is to balance these
two components in a way that the structure will return to the initial position, remaining
with negligible residual displacements.
The behaviour of these systems, during the seismic action, is characterised by rotations
of the wall base in relation to its foundation, that results in relative displacements (gaps)
between the wall base and the foundation. The post-tensioning steel should have an
unbonded length to accommodate the connection relative displacement in the elastic range.
The energy dissipaters have to be designed to follow the connection relative displacements.
Several energy dissipater solutions have already been studied and some are implemented
in real buildings. The energy dissipaters can be used internally as common reinforcing
bars with an unbonded length, using similar bars fixed externally to the wall and to the
foundation or even between walls in coupled wall systems.
In this study, the post-tensioning force was applied with two straight unbonded strands
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and the energy dissipaters used were steel angles externally fixed to the wall and to the
foundation. This external energy dissipater solution was chosen for being easy to replace
after an earthquake. The steel angles are also easy to find in steel suppliers and to adjust
for the desired function.
The experimental study was divided into two phases, the first being the development
of the steel angle solutions and the second was the experimental tests on the rocking walls.
The research on the steel angle solutions aimed to reach a stable cyclic behaviour with
forces in the order of magnitude needed for hybrid walls. The rocking wall test research
had the purpose of testing the hybrid solutions using the developed energy dissipaters.
The hybrid rocking wall solutions should respond with the desired strength and be able
to recover from the deformed position with negligible residual displacements.
The experimental studies were complemented by numerical and analytical models to
support the experimental work and to predict the responses of the systems. In the steel
angles research a finite elements program was used to model the tests and an analytical
procedure was presented for design purposes. In the rocking walls research, analytical
models were used to predict the response of the tests and as a design proposal.
Finally, a case study is presented to exemplify the application of these systems to a real
structure. The comparison between a equivalent monolithic system and a precast hybrid
system was made and a displacement-based designed procedure was used to estimate the
seismic forces acting in the structure.
6.1.1 Steel angles
The steel angles were studied to work as external energy dissipaters in the post-tensioned
hybrid systems. From the literature review different solutions were found but some doubts
remained as for the ideal one to be used for cyclic actions. As this study was centred on
walls, the preliminary calculations resulted in the need for steel angles with significative
forces acting on them. For this reason the angles had to be thick and with small gage
lengths (the distance between the bolt in the horizontal leg and the heel of the angle).
These angles have prying forces that are difficult to control and limited ductility.
The steel angles were designed to have a failure mode caused by flexure and never by
bolt failure. For this reason the bolts were oversized, either those mainly under tension
forces or those mainly under shear forces.
To optimise the behaviour and increase the efficiency of the angles as energy dissipaters,
several solutions were tested experimentally and numerically. The traditional solution
described in the literature to fix the angles to the base is to use only one line of bolts in
the horizontal leg of the angles. With only one line of bolts, when a tensile displacement
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is applied to the angle, the edge of the horizontal leg of the angles is compressed against
the base and the leg goes into the plastic range. After the reaching of the maximum
displacement, the movement is reversed and the edge of the leg lifts, persisting its plastic
deformation at the end of the cycle. In the following cycle the plastic hinge that had
occurred in the line of the bolts will not develop any bending moment until the edge of
the leg touches the base. This reduces the energy dissipation of the system. To solve
this problem the first choice was to use a washer plate and to oversize the bolts, but the
stiffness of this set was not sufficient. Two solutions were tested to eliminate this prying
effect: the first one was to weld the edge to the base and the second one was to have a
second line of bolts. The first solution is usually avoided to eliminate the need for welding
on a construction site but may be necessary when small angles are used. The second
solution is recommended for construction site assembly but requires larger angles. The
welding has the disadvantage of restraining not only the vertical displacement to the base,
but also the horizontal displacements, resulting in higher tensions in the legs.
The two final solutions that presented the desired cyclic behaviour were designed to
have similar strength. As the thicknesses of the angles were different, this was compensated
by changing the position of the bolts. The forces acting on both steel angle solutions were
similar but the maximum displacement was different for the reasons mentioned above.
The solution with the welding along the edge reached a displacement of 20 mm while
the solution with the second line of bolts reached 30 mm. This difference is significant
and can condition the use of the solution with the welding in structural applications.
It must be mentioned that this displacement depends on the parameters chosen for the
angles, namely the thickness, the steel grade and the position of the bolts as well as the
displacement demand of the structure to which these elements are designed for.
6.1.2 Post-tensioned concrete walls
Three preliminary post-tensioned wall tests were carried out followed by two tests on post-
tensioned hybrid wall solutions and a final test on a post-tensioned wall. To design these
tests a design drift ratio of 2.0% was considered, and the post-tensioning forces at this level
of displacement should correspond to the steel stress values close to the characteristic 0.1%
proof-stress. Due to the short length of the strands and the corresponding high stiffness,
the maximum initial post-tensioning force was conditioned and the maximum drift ratio
was also limited.
The preliminary tests (wall specimens RM1, RM2 and RM3) were made with the
purpose of testing and optimising the laboratory setup. The post-tensioned solutions
were walls with rocking behaviour, connected to the foundation with two post-tensioning
strands. The first two specimens, RM1 and RM2, were post-tensioned reinforced concrete
walls. The third specimen, RM3, was a post-tensioned reinforced concrete wall including
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two resin and cork wedges with the purpose of dissipating energy. Due to a scaling problem,
the resin and cork did not respond as expected and there was no significative energy
dissipation. In all specimen preliminary tests, low energy dissipation was obtained and no
residual displacements were registered. These walls had an almost perfect elastic response,
with little spalling of the cover concrete. The main problems faced were the instability in
the transversal direction and the loss of post-tensioning forces during the tests. The lateral
instability is a laboratory problem as in real structures there is a 3D behaviour that braces
the wall in the transversal direction. This problem limited the maximum displacements
reached in these tests and was solved in the following tests. The loss of post-tensioning
forces that emerged was essentially due to the small length of the strands. The short
length of the strands also resulted in high increments in the elongations of the strands
with the drift ratio increments. This problem has little importance as in real structures,
the length of the strands is expected to be much longer.
The two hybrid wall solutions tested used the two angles described above, one with
welding along the edge (wall specimen RM4) and the other one with a second line of bolts
(wall specimen RM5).
The wall specimen RM4 reached a maximum drift ratio of about 2.5%. At this drift
ratio the shear force was declining. The post-tensioning strands had losses for a drift
ratio of 2% that were 6% and 10% in the southern and northern strands, respectively.
For the final cycles, the maximum post-tensioning force was 223.7 kN. The angles reached
a maximum displacement of about 17.5 mm, showing visible cracks (Figure 4.74). The
equivalent viscous damping ratio reached was 12.5% for a drift ratio of 2%.
The wall specimen RM5 reached a maximum drift ratio of approximately 3.0%. At
this drift ratio the shear force was declining. The post-tensioning strands had losses for a
drift ratio of 2% that were 4% and 6% in the southern and northern strands, respectively.
These losses increased to 27% and 25%, as the displacements imposed on this specimen
led to post-tensioning forces beyond the characteristic 0.1% proof-stress. For the final
cycles, the maximum post-tensioning force was 241.6 kN. The angles reached a maximum
displacement of about 22.5 mm, showing visible cracks (Figure 4.87). The equivalent
viscous damping ratio reached was 14.0% for a drift ratio of 2%.
The last post-tensioned wall tested reached a maximum drift ratio of about 3.5%. This
test had only the post-tensioning and the end of the test was determined by this. The
post-tensioning strands had losses of 2% and 5% in the southern and northern strands,
respectively for a drift ratio of 2%. These losses increased for higher levels of drift ratios
as the strands went beyond the characteristic 0.1% proof-stress. The maximum post-
tensioning force was 239.7 kN. This specimen had no energy dissipation, so the equivalent
viscous damping ratio was similar for the different drift ratios and was between 2% and
3%.
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To summarise, the three final wall specimens were considered to be the goal of this
part of the study and their behaviour was as expected. Taking into account the design
drift ratio of 2%, the behaviour was as expected, while for drift ratios higher than 2%,
a problem emerged due to the reduced length of the strands, which caused losses in the
post-tensioning forces. The steel angles responded well at the design drift ratio. Following
the tests on the hybrid systems, the damage was concentrated in the steel angles, that
would be easy to replace.
6.1.3 Case study
The comparison between the equivalent monolithic system and the precast hybrid system
should only be carried out taking into account the fact that the hybrid system presents
a negligible residual displacement and its rehabilitation can easily be done by replacing
the energy dissipaters. This means that the hybrid system will always have the advantage
of having a reduced or zero downtime after a major earthquake while the other solution
would result in considerable damage.
The equivalent monolithic system has a higher damping than the precast hybrid sys-
tem. This difference results in lower design forces than for the hybrid system. In the case
study this was amplified due to the need to limit the displacement demand of the steel
angles to values that were considered to be reasonable. This means that the design drift
ratio considered for the equivalent monolithic system was higher than the one used for the
hybrid system. The shear base force for the design of the equivalent monolithic system
was 2499.8 kN whilst in the hybrid system it was 3895.2 kN.
In the case study, the angles were located to optimise the tensile forces lever arm,
which means that they were near the edges of the wall. This location led to advantages
and disadvantages. The lever arm was higher, leading to a higher bending moment due to
the tensile force of each angle. The displacements were higher than they would have been
if the angles were closer to the wall cross section centre. Higher displacements correspond
to higher forces acting on the angles, but also to higher displacement demand that can
be difficult to reach. For the example of this study, the displacement demand was within
acceptable values for the chosen steel angle solution, but an experimental check on this
parameter is recommended.
6.2 Future research recommendations
This research presented solutions using steel angles as energy dissipaters in post-tensioned
hybrid walls. In the case study chapter some design parameters for the DDBD procedure
were adapted from similar systems, however, to have better estimates for these parameters,
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a more complete nonlinear numerical study should be carried out on 2D and 3D models.
The displacement shape is a parameter where some doubts remain. For the hybrid system,
the displacement shape was assumed equal to a monolithic system at the yield point and
equal to a post-tensioned wall system beyond that point. This principle was considered
appropriate but should be analysed in detail in future studies.
The prediction for the rupture point of the steel angle should also be investigated.
A more complete numerical model should be developed to simultaneously consider cyclic
actions and material strain limits. To this end more experimental studies could also be
carried out taking into consideration different dimensions for the angles and low-cycle
fatigue tests.
Different modes of failure of the steel angles are referred in the literature, although
for the developed solutions a parametric study should be made, to evaluate, namely the
influence of the thickness of the steel angles and the dimensions of the bolts on the location
of the plastic hinge near the bolt holes.
In this study, the steel angles were tested applying a cyclic vertical displacement,
although the used setup simplifies the actual demand to the angles when used in hybrid
wall systems with rocking behaviour, which also includes rotations that can influence the
angles response. These rotations should be included in future studies.
The use of the steel angles in wall systems showed that their use can be limited by their
maximum displacement, so the use of steel angles in smaller cross sections, like columns,
should be considered.
It is not usual to have post-tensioning with short strands, but systems that could go
to high drift ratios using short length strands should be investigated. A possibility to be
explored could be to have more flexible anchorages that would deform for force increments
in a way that the elongation of the strands would remain within reasonable values.
The cyclic protocol used in this research gives a good perception of the system be-
haviour when a horizontal displacement is applied, but to evaluate the seismic behaviour
a test program using a shaking table should be carried out. The ideal next step would be
to have a small scale building tested with a shaking table.
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